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ABSTRACT 


In this thesis, an investigation has been carried out on 
problem of fluidic filter design. The results on the design o: 
fluidic filters have bean put under two categories 1) Lumped 
parameter fluidic filter design ii) Distributed parameter 
fluidic filter design. For lunped parameter fluidic filters, 
the concepts of modem electrical filter theory have been 
incorporated into the design techniques. For distributed 
parameter fluidic filters, a new design procedure has been 
evolved, based on certain basic results drawn from microwave 
filters. 

The desigpn of distributed parameter fluidic filters has 
been given greater attention since it involves a new kind of 
approach, 'Practical aspects of design have boon studied. To 
simplify the job of fluidic filter design, a table of 
element values for fluidic filters has been constructed. 

In presenting the results, an effort has been made to 
include, for its tutorial value, the basic results of electrici 
filter theory and fluidics. It has been done to make the 
work readable to electrical as well as mechanical engineers. 
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SECTION 1 
INTRODUCTION 


1.1 H-UIDICS; 

Fluidics is the technology using phenomenon of fluid 
flow in specially designed devices to perforin functions of logic 
and control. Although fluidic systems can be studied in several 
different ways, the best approach, perhaps, is in terms of 
electrical analog. 

Fluidics, as a technology, dates- back to the year 1959 
when a public announcement was made by the Harry Diamond Labo- 
ratories, an agency of US Array regarding development of fluid 

devices having no moving parts. Since then fluidics have been 
the 

capturing/_inBglnation of scientists and engineers greatly as the 
concept of 'no moving part* is a very attractive feature, apart 
from their reliability and economic considerations [l]. The 
newer commercial components not only have much better chara- 
cteristics and less noise but they are also being built in 
modular form to minimise tubing and allow plug in facility, 

Ibe work in fluidics is mostly concentrated on devices 
like amplifiers, logic gates, diodes, triodes, modulators and 
bistable switches. Comparatively less attention has been given ’ 
to the field of fluidic filters i.e* fluidic systems that 
discriminate between signals on the basis of harmcsnic components 


f 
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In the past the filtering needs were generally met by electrical 
filters after converting the fluid signal into electrical 
signal by means of sensors. But of late it has been realised 
that filtering by fluidic means is a better proposition 
because of mainly two reasons [2]. Firstly, the electrical 
transducers have to be fitted at a distance from test point whic 
ie generally inaccessible for such purposes. This requires 
the use of connecting tubing systems which introduce distortion. 
Secondly, where a large number of signals are involved, electri- 
cal filtering calls for elaborate circuitry which increases 
the overall cost significantly. 

There has been some work on fluidic filters using 
lumped parameter approximation and transmission line effect 
but many ideas of modern electrical filter theory, still remain 
to be applied to this field. There is thus a good ground for 
investigation in this area with a view to extend some useful 
concepts of electrical filter theory to the field of fluidics. 
This thesis is caacemed with such an investigation, 

1.2 SCOPE OF WORK: 

Fluidic filters, like their electrical counterparts 
can be broadly put in two categories, lumped parameter filters 
an ds distributed parameter filters. In lumped parameter theory, 
individual fluidic sections, depending upcai their configurations. 
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are treated equivalent to lumped two terminal electrical 
elements. This is comparatively a simpler design technique, 
since it does not consider the phenomenon of wave propagation 
through the elements. This is more suitable if the overall 
dimensions of filter are smaller than quarter of the wavelength 
of signal propagating through it. Considerable work has been 
done in the development of this theory. 

The distributed parameter theory considers the propaga- 
tion of waves through the medium. It uses the distributive 
nature of parameters throughout a particular line section and 
the basic fluid elements, like microwave components, have 2-port 
configurations. Comparatively less attention has bea:\ given 
to this model. The results available in the area of fluidics 
consist essentially of heuristic techniques based on experi- 
mental observations and simulation. Systematic synthesis 
procedures, that yield filters to meet given specifications, 
are not yet available. 

In the present work we are concerned with the synthesis 
of fluidic filters based on modern electrical filter theory. 

We have dealt with both the lumped and distributed parameters 
models. In lumped case wo have essentially extended the 
concepts of modem filter theory to get a design procedure 
that meets the give filter specifications exactly. In distri- 
buted case, however we have applied the results of microwave 
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filter theory to fluidic filter design, leading to a design 
procedure that does not seem to have been available so far* 

For the synthesis procedure for distributed parameter 
filters based on relavent features of microwave theory, we 
have chosen Richard^s transformation and Kuroda’ s identity as 
tools for design of fluidic filters. The concept of unit 
element i,e., a lossless line section of fixed length, has 
been used. The procedure has been discussed in detail with 
the help of suitable examples, 

We have also worked out the table of element values fox 
fluidic filters of Butterworth kind, Butterworth filter confi- 
guration has been chosen as a sample case. Such tables can 
be obtained for other types of filters as well. 

Our contribution is confined to the realisation part of 
the synthesis problem. Starting fxom the basic electrical 
design obtained from standard tables, we arrive at struetures 
of fluidic filters. In our examples wo have mostly considered 
Butterworth approximation for simplicity. Other filter appro- 
ximations like Chebychev, Bessel, elliptic etc, can be 
used when the situation demands, 

V 

Although fluidic and accoustic phenominon are closely 
connected by coinnon principles, the literature, on fluidic 
and acoustic filters seem to have grown independent of each 
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other. Here, we have investigated the work done in both the 
fields and presented them within a common frame-work. The 
theory outlined here is applicable to small amplitude fluidic 
signals which are basically of acoustic type. Hence under 
suitable assumptions, same theory can be applied to both 
fluidic and acoustic systems. 

The present work is mostly confined to low pass filters. 
There are certain difficulties in high pass and band pass 
transformations in the fluidic context. These difficulties 
and the alternatives have beom discussed in detail in the 
text. 

Fluidics is a hybrid field requiring knowledge both of 
fluid mechanics and electrical engineering. No text is avai- 
lable which covers both the topics in sufficient detail. 
Therefore first few sections have been devoted to essential 
elements based on fundamentals drawn from both the fields. 

This has been done for the easy comprehension of both electrical 
as well as mechanical engineers. 

To briefly summarise, an attenpt has been made to 
cover the following points: 

To prop>ose a direct synthesis procedure for fluidic 
filters using modern filter theory, 

ii. To study the fluidip and acoustic filters and try 
to correlate the tv/o. 
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iii) To give a brief introducticai to fluidics as well 
as modern electrical filter theory for proper 
understanding of fluidic filters. 

This is primarily a theoretical investigation based on certain 

idealised forms of fluidic elements. Vie have, in particular^ 

% 

introduced the idea of fluidic filter design based on the 
lines of microwave filters. For the fullworth of this idea 
to be established, it would, of course, be necessary to study 
the practical behaviour of the proposed filters. But the 
time Scale involved in practical studies is comparatively much 
longer and it was not possible to carry out such studies to ® 
satisfactory degree in the available time, 

1.3 ORGANISATION OF TffiSIS: 

The thesis has been organised into seven sections as 
follows: 

Section 2 deals with the fluidic transmission line 
theory. It gives the derivaticai of transmission lino equations 
from the first principles. The basic fluid equations have 
been inspected to establish electrical analogy. V/g have, then, 
extended the electrical transmission line theory for the 
analysis of fluidic systems under various conditi<»is. Use of 
system graphs have been made to depict the behaviour of fluidic 
elements diagramaticaliy. 
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Section 3 is meant to familiarise mechanical engineers 
with essential aspects of electrical filter theory that are to 
be used here. Section 3,3 needs extra attention Since the 
proposed filter design is based on the theory outlined in 
this section. 

Section 4 is more or less an investigation of the work 
done so far in the field of fluidic and acoustic filters. It 
is important in the context of lumped parameter filters since 
we have tried to extend the concepts of modern filter theory 
to the existing design techniques. 

Section 5 gives the proposed design technique for 
distributed parameter filters using copcepts of modem filter 
theory. The procedure is based on Richard's transformation. 

It has been discussed in detail with the help of suitable 
examples. The praptical aspects of filter design and extention 
of this theory to high pass and band pass cases have been 
examined. Finally we have worked out tables of element values 
for fluidic filters of various kinds. 

Section 6 gives the results of the efforts made in the 
direction of practical studies in relation to fluidic filters 
using Richard’s tra ns forma tiai as proposed in Section 5, 

The suggestions for future investigations have been 
given in Section 7, 



Appendix ‘A’ contains the list of some inportant 
formulas. Appendix ’ B' gives the attenuation characteristic 
of the Butterworth filters. Appendix • C* contains the table 
of element values for electrical filters of j3u fcterworth kind. 

Appendix ’ D* presents a pascal program which converts 
an electrical design into a fluidic design, A number of 
filter designs have been studied using this program as given 
in Appendix ’ E* , These results have been used for interpreta~ 
tion in Section 5,3, 

Appendi-x * F* contains another pascal program which has 
been used to obtain the table of element values for fluidic 
filters from the standard table of electrical filters. One 
such table of element values for Butterworth filters is given 
in Appendix ’ G’ . This type of table makes the task of practical 
fluidic filter design very easy. 

1.4 MOTIVATION FOR THE PRESENT VJORK; 

The objective with which we started our vw)rk was to 
develop filters for smoothing pneumatic pressures in wind 
tunnel , testing [2]. The type^sof construction used v^ere similar 
to those used in fluidic filters. Subsequently we went on to 
find that there was lot of similarity in the approaches for . 
fluidic and acoustic filters. In fact there were instances of 
fluidic filters -being used successfully for acoustic purposes. 
This led us to the more general problem of fluidic filter design 
Based on the applications of fluidic filters we have in mind, we 
have considered air as the medium of transmission in the 



SECTION *1 


FLUIDIC SV'STEM THEORY 

Most of the fluidic devices, specially filters, work 

using processes of fluid flow through tubes ^nd ccHnstrictions 

The phenomenon of fluid flow through these elements is analysed 

based on the fluidic transmissicsi line theory. The concept of 

transmission line has been adopted from electrical engineering 

based on the observation that the fundamental fluid equaticais 

of 

are of the same form as those^the electrical transmission line. 

An exact analysis of transmission line networks is 
based on distributed parameter theory. However to simplify 
the procedure and to reduce the complexity, lumped parameter 
technique is used with suitable assumptions. 

In what follows, wo have drawn an analogy between 
eloctrical and fluidic systems based on transmission line 
theory,' Subsequently we have examined hew fluidic systems can 
be analysed using this theory, 

2,1 ELECTRICAL TRANSMISSION LINE THEORY: 

The circuit model of a transmission line of infini- 
tesimal length A (. is shown in Fig, 2,1, The actual trans- 
mission line may be visi^lised as. an infinite nun^er of such 
sections connected in cas«»cade. 
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Figure 2*1: Circuit model of transmission line of 
infinitesimal length. 

Z is the series impedance per unit length given by 
Z ss R +. j(i)L* 

whore R is resistence per unit length and 
L is inductance per unit length. 

Similarily Y is the shunt admittance per unit laigth 
given by Y * Q + jwC. 

where G is the conductance per unit length and 
C is capacitance per unit length. 

The expressions for the incremental voltage and current 
AE and A I can bo found by applying Kirchoff’s voltage and 
current law* 

^ E * -IZAi?. ■ 
and » -E 


(2.ia) 

(2.1b) 
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In the limit as approaches zero equation (2.1) 


becomes 


sf = 

51 =-yE 


( 2 . 2 a) 


(2.2b) 


Differentiating equation (2.2) with respect to , 


we get 


» ~ ZYE 

d^I 
dX^ 


= ZYI 


(2.3a) 

(2.3b) 


Equati<»is (2.3) are the fundamental equations of 
transmission lines [4]. They can be solved using conventional 
methods as given below; 

In terms of operator, equation (2.3a) becomes 

(m^ - ZY ) = 0 

m - £fZY 

Hence the complete solution to equation (2.3a) will 


be 




(2,4a) 


Equation (2.3b) can also be solved sirailarily 

I , C + D 


(2.4b) 
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Equations (2.4) are the equations of a transmission 
line of length f • Let us predict the behaviour of a trans- 
mission line shown in Figure 2.2 with the help of these 
equations. 







V 


2 .' 


1 


I 



Figure 2.2: Transmission Line 


The values of constants A,B,C and D in equations (2.4) 

€ 

can be found out by applying the boundary conditioas. Since 
v/e are taking the distance 9. with reference to port 2, at 
X = Of E = E2 and I = 12. From this, the values of A,B,C and 
D come out to be as given below, 

A ss ^ Y 

0 _ ■,| . | 2. Vm 

j-j ^ * I 

c ^ iT^ 


By putting 
« E2 (S 


D as 4 * 

these values in equation (2.4) we get 
f >+ I2^Y I- 5 ) 


(2.5a) 
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‘1 - h > +(E^f)( 2 


,irzYt_ .-^r{l 


) (2.5b) 


From equation (2«5), the input impedance, Z_ of a trans- 

W 

mission line of infinite length can be found out to be 

E, 


Zc = 


11m 

" 




The input impedance of a transmission lane of infinite 
length signifies a fundamental property of a transmission 
line. It is known as characteristic impedance. 


Another important property of a transmission line is the 
propagation constant T given by 


r fZY =* a + jp 

where a is the attenuation constant and 
p is the phase constant. 

Using these notations, the transmission line equations 
can be written in following form. 


« Eg coshrj^+ Ig sinhf^ (2.6a) 

II » Ig coshH + ^ sinhri (2.6b) 

These equations can be expressed in matrix form as 
given in (2.7). 



;3 

coshfl 

ZjjSinhH 

h 


w=- sinhFA 

coshTA 

J 


^c 






(2.7) 
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The input impedance of a transmission line terminated 
in an impedance can be found from equation (2.7) as given 
below. 



Zj^coshr^ + Z^sinhr i 

Zj^sinh*'^4- Z^coshTi 


( 2 . 8 ) 


2.2 BASIC FLUID EQUATIONS: 

Let US now examine the basic fluid equations and see 
whether they bear any analogy with the electrical transmission 
line equations [5], The exact treatment of fluid equations 
is very complex and unweildy , The equations, however, acquire 
a substantially simplified form if we impose on them certain 
additional conditions that hold good in majority of cases of 
practical interest. There are 5 such basic conditicxis, 

a) Laminar flow 

b) Axial symmetry. There is no tangential velocity 
component. 

c) Small amplitude signals. The density variatioas 
are small compared to average density. The signals 
are therefore, of acoustic type, 

d) Small viscous forces, so that rate of -change of 
axial velocity with distance is small, 

e) Radius or width of tube is small compared to the 
wavelength. This means that pressure is uniform 
over the cross section and that radial velocity 

{ 

is zero# 


2*2*1 Continuity Equation: 


Ccwisider the flow of fluid through an arbitrary 
fixed, closed surface of area A and volume V as given in 
Figure 2.3, 



Figure 2. 3: An arbitrary fluid volume 

From the law of conservation of mass, the rate 
of change of mass must be equal to the rate at which fluid 

is entering the closed surface. 

A P 

/ ^ dV = - /'? v-n dA (2.9) 

V ^ A 


where f =* 

fluid density 

V = 

volume 

A » 

area 


From Gauss’ theorem 

/ f , V . n dA s= /’C? V dV 
A V '' 

Equati<a\ (2.9) therefore can be written as 
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Since control volume dV is of arbitrary size 

||+y.^'v=»0 (2,10) 

As we are caisidering the flow of fluid through tubes, 
it is more convenient to use cylindrical coordinates. Equation 
(2.10), therefore become 


at 


+ 


1 

r 


v^r) ' ^ d{5> v^.) Vjj) 

gj, + ~ ”*■ hx ^ 


where r == radius 

v^ * radial velocity 
= tangential velocity 
Vjj =; axial velocity 

But we have assumed radial and tangential velocities 
(Vj. and Vv^ ) to be zero. The continuity equation, therefore 
reduces to 



0 


^ 6 p dv 


where p is the pressure 

But || ~ ^ Where a is speed of soun< 
equation, therefore, reduces to 


The continuity 



( 2 , 11 ) 
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2*2*2 Momentum Equation; 

From Newton’s second law, the force per unit volume F 
is equal to the rate of change of momentum of flyid. Therefore 

F* / 2^ciV+ /'s'v(v.n)dA (2.12) 

V A 

By Gauss* Theorem 

ft v(v.n)dA = ^ v(V, v) + v]dV 

equation (2.12), therefore, becomes 

F = / t + ? v( V . v) + (v. V )<f V ]dV 

nj. d^v /— XT \ “ d^v 0 dv — d f 
But -^+(v.V) v=-^ = i^+v^ 

♦ . • v]]|')dV ( 2 * 13 ) 

Again from ecjn. (2.10) 

> V . ? V =» 0 

V 

. P 

or anE + ? V • V + V. V f =0 
or ^+fV*v = 0 

Therefore bracketed term in equation (2.13) becomes zero. 

F = ( Cf i ] dV 


or 


(2.14) 
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But F itself is given by 

F = / ( ? f + R) dV 

V 

where f is the body force and R is the vispous loss* 

Equation (2*14) therefore gives 

Considering cylindrical coordinates, the momentum 
equation becomes 

dv dv dv ^ 

<~crE+''r'^+''x3r'5 = -s5 

+ R lx t- §; I "sl 3 

X dv_ 

r ^ ^ ^ “5r ^ (2.15) 

Since we have already assumed that the radial velocity is zero, 
the equation (2*15) reduces to 

dv A d^v 3. dv 

TT " - fi I I ^2*16) 

Since we have assumed that rate of change of axial 

velocity with distance is small, the term ■ can be 

dx 

neglected. Equati(m (2*16), therefore, becomes 

"Si'-lx+t* lt(* 


(2.17) 
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2,3 PROPAGATION MODEL FOR aUIDIC LINES; 

Based on the fluid equations derived in the preceding 
section, we will derive two simple electrical models of fluidic 
lines [l]. They are i) lossless line model and ii) average 
friction model. There is slight difference in the treatment 

of average friction model for circular and rectangular lines. 

% 

Therefore, they have been discussed separately, 

2,3.1 Lossless Line Model; 

fluidic 

Let us consider a section of ^ line of infinitesimal 
length as shown in Figure 2.4, 


P 


yx 








ly 








fe- 




Figure 2.4: A fluidic line of infinitesimal length 

For' the a’nalysis of lossless fluidic line we assume that 
the effect of viscousity can be neglected. The continuity and 

momentum equations, then, become as follows. 




( 2 . 18 a) 

(2.18b) 


Equations (2.18) can be written in terms of volume flow 
Av, where A is the cross-sectional area. 
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If = - J If (2.19a) 

ix = - §1 (2.19b) 

Taking Laplace transform 

H* « - ) Q (2*20a) 

^ ^ ^ (2.20b) 

where S « j« 


Here we see that equations (2. 20) are of the same form 
as the equations (2.2) of electrical transmission line. Now 
there are two possible ways of describing the electrical 
analog. One way of describing results from identifying P with 
E and Q with I i.e. PEE and Q = I; the other dual way 
results from identifying P with I and Q with E i.e, PEl and 
Q=E. From a purely mathematical point of view^it does not 
make any difference as to which analogy we choose. However, 
from the point of view of the physical phenomenon of flow 
of fluid through lines, the two lead to different interpre- 
ts ticais for the physical variables. 

To see this, let us consider a junction of fluidic 
lines given in Figure 2.5. We can say that the vector sura of 
mass flow is zero at the junction. This statement is equi- 
valent to Klrchoff*s current law in electrical engineering 


21 


> ' 


i- 

I 

I 

Figure 2.5: Juncti<xi of a fluidic line 


if we say Q2.I. But if we consider Qe.E then electrical 
equivalent becomes the Kirchoff ’ s voltage law which is 
concerned with voltages in a loop. 

Since Q=:I allows us to think of a fluidic junction' in 
terms of an electrical junction rather than a mesh, most 
traditicMial treatments adopt this analogy. With this analogy 
we can represent the series impedance and shunt admittance 
per unit length of a fluidic lines as 


Z * 


Vs 




(2.21a) 


Y = = jo. 


(2.21b) 


Thus we see that by neglecting the effect of visccjkfsity, 
a fluidic line can be expressed in terms of electrical trans- 
mission line with 


R a G S 0 
L 
C 


V 

X 


A , 




a 


(2.22a) 

(2.22b) 
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These are the parameters of a lossless electrical 
transmission line and accordingly vs/e call this model as lossless 
fluidic line nodel. The characteristic impedance and 
propagation constant f” of this line are given as 



(2.23) 


r = fZY * j I (2.24) 

We see, here, that Z_ is purely resistive and V has 
imaginary value. 

2.3.2 Average Friction Model for Circular Lines: 


In the proceeding paragraphs we saw that a fluidic line 
can be treated as a lossless transmission line if the effect 
of viscous ity is neglected. Yet another way of treating the 
fluidic line is by considering the frictional losses due to 
viscQwrsity. This is a more appropriate method since certain 
amount of loss is always associated with the flow of fluid in 
the tubes, V/e will first consider a circular fluidic line 
with r as the radius. By taking the average over the 
cross-section area of tube, equation (2,17) can be written 
as 





/dv N 
A 'or 


(2.25) 
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To evaluate the velocity gradient, we assume a velocity 

_2 

distribution v{r) » 2v (1 - ^ ) 

w 

^dr ^rsr^ 

Equation (2.25) then becomes 


Replacing average velocity v = ^ and taking la place 
transform, we get 

+ ( 2 . 26 ) 

The continuity equation remains same as that for 
lossless case i.e. 


3x = - ) P 


(2.27) 


Comparing equations (2.26) and (2.27) with equations 
(2.2)» we get 

Vs . 


z = 


(2.28a) 


Va- 


's 


(2,28b) 


The equaticMa (2.28) of average fricticxi case differs 


from the equatiwis for lossless model by the terra — ^ which 

A" 
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can be treated as the resistive portion of the series 
impedance. 

R = ^ (2.29) 

PT 

2.3.3 Average Friction Model for Rectangular Lines: 

For finding out the equivalent resistance for the fluidic 
line with rectangular cross-section, we will have to consider 
the momentum equation for the rectangular coordinates i.e. 

Since we have assumed the radial and tangential velo- 
cities to be zero, the continuity equation will remain same 

i.e. 

5x = ■ ^ (2.30b) 

A close e;>cainination of equations (2.30) reveals that 

. it * 

the treatment of rectangular fluid linos differs from that of 
circular fluidic lim only by the viscousity term which results 
into resistive portion of series impedance. The velocity 
distribution in a rectangular fluid line is very complex. The 
solution of equation (2.30) comes out in form of a series. We 
will therefore, give the result directly in terms of the 
equivalent resistance without going into the details of 
solution, [Xl 
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R 

^ ^ ^tanh ^ tanh ^ + ... ] 

This expression for the equivalent re sis ten ce is quite 
unwieldy and hence an approximate relation given below is 
often used. 



(2.31) 


The values of L and C of rectangular fluid lines remain 
same as that for lossless model, 

2.4 FLUIDIC TRANSMISSION LINE THEORY: 

The fluidic lines can be represented and analysed in 
two ways. The first one is the distributed parameter method 
which uses the concept of distributive nature of parameters 
as discussed in connection with electrical transmission lines. 
However when the dimensions of a fluidic line are very small, 
the distributed effect of parameters can be lumped. Inter- 
connection of such lines can be analysed on the basis of 
theory of lumped networks. 

2.4,1 Distributed parameter Theory: 


In the precoeding section, w© have seen that there is 
an analogy between \the fluidic line equations and electrical 
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transmission line equations. Hence we can apply the same 
mathematical treatment to fluid lines what we applied for 
transmission lines. Therefore the behaviour of a typical 
fluidic line shown in Figure 2.6, can be predicted by using 
following matrix equation. 






Figure 2.6: A typical fluidic line 




cosh rX Z^s inh T C. 


>’2 



^ sinhri cosh d 
^c 

[ 

L 


(2.32) 


A more general way of expressing a fluidic line With 
the help of average friction model. This model gives the 
values of Z and Y as reproduced below. 


Z St R 
Y sr jwC 

Where the values of fluidic resistance, inductance and capa- 
citance, for a fluidic line of length I? , are given as follows, 

R s= 22^.j^(for circular lines) 


/ 
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L « 


9 


■9 


c - 9 

The characteristic impedance and propagation constants 
are obtained from these equations as given below. 


and, 



= vh V-(i+^ ) 
r =* VzY 

cs V'(^^SL)9C 

= siTlc Vd+I,) 


( 2 . 33 ) 


( 2 . 34 ) 


The characteristic impedance and propagation constant 
so obtained are complex functions of frequency. Handling of 
such expressions become very difficult specially wAien we are 
thinking in terms of synthesis of a filter, 

various scientists have given different empirical 
formulas to approximate the behaviour of lossy fluidic line. 
The simplest way of dealing the lossy fluidic line is to 
treat it as a lossless line with a resistance (signifying 
loss) in series. This assumption is valid only when the 
magnitude of the loss is very small compared to the reactive 
impedance. 
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The situation is very favourable when the resistence 
forms an extremely small part of reactance i.e, R << SL« In 
that case we revert back to the simple model of lossless 
transmission line. 

2.4.2 Lumped Parameter Theory: 

So far we have considered the analysis of fluidic lines 
based on distributed nature of parameters. This is rather 
complex since it involves hyperbolic functions. The analysis 
can be greatly simplified for a lossless line if we divide 
the fluidic line into small sections and treat the parameters 
as lumped for each individual section. We are focusing our 
attention to lossless case since for most of the practical 
applications, the fluidic lines can be expressed as a lossless 
transmission line* 

In terms of electrical analogy, if we represent each 
section of a fluidic line by the transmission line model of 
Fig. 2*1, the overall equivalent circuit of a fluidic line 
can be expressed in form of a ladder network shown in Fig. 2.7. 

The series impedance and shunt admittance Z and Y 

are given by the following expressions. 

o 

Z * jwL » jw ^ ) 

Y s jmC » jw ) 

\ St 
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(a) Fluidic Line 
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(b) Equivalent electrical circuit 


! 



I' 

f 



i 

( 

V 


Figure 2*7! Equivalent electrical circuit of a lumped 
fluidic line. 

where it is the length of each lump i.e, each individual 
section of line. 

In addition to providing a simple method of analysis 
of the lumped network model of figure 2.7, the lumped para- 
meter theory also suggests a metiiod of designing a fluidic 
system using lumped fluidic elements [6]. The key to this 
method is the behaviour of fluidic elements under certain 
limiting conditions relating the physical dimensions. We 
will study this behaviour in relation to circular fluidic 
lines which are commonly used. 

Let us examine the matrix equation of a fluidic line 
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given by equati<m (2.32) and see how can we obtain the 
Imaped circuit elements from the fluidic lines. 


As a first step let us approximate the hyperbolic 
functions involved in the matrix eqxjation* Thus sinhx and 
coshx ban be expanded in a series form as given below, 

3 5 

sinhx a X + 

Vi LH- 

2 4 

coshx =» 1 + ^ , 

If X is Small enough so that the terras of second and 
higher order can be neglected, then sinh and cosh become 


sinhx x 
coshx 1 


In fluidic line equations the two hyperbolic functions 
we c(xae across axe sinhTi and coshf A as shown below 



coshri. Zj.sinhrJl 


^2 

, ! 
^ sinh^X coshf"X 

1 

1 ^2 ’ 

\ 


L -i 


For a lossless fluidic line, the function fX can be simplified 
as follows. 


ri = jpi = j fl 

If l_ is very small » typically of the order of few 
rams, the conditi(»ir/ << 1 is satisfied for all practical 
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purposes. Hence can be replaced by ri and cosh 

can be replaced by 1 without causing any significant error. 


The matrix equation of a 


Pi 


1 Zc JW 

% 

! 

jp-L 1 

4 

c 


fluidic line then reduces to 



(2.35) 


We also know from equation (2,23) that 



Now there are two possibilities that can be encountered 
in practice, A fluidic line with sufficiently large diameter 
will lead to very small value of Z. almost leading to zero. 

Thus in the limit 0 the matrix equation of equaticaa (2,35) 

reduces to following form 



But j I • i ^ 


A ) i 
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By replacing 1 ) by C, the capacitance in terms 

\a 

of electrical analog , from equation (2.22), the matrix 
equation becomes 



1 


jwC 


U- 



(2.36) 


This is of the some farm as the equation of a shunt 
capacitance as shown in Figure 2.8. This fact can be verified 





T 

1 




Figure 2.8; Electrical network involving a shunt 
capacitance. 


by writing current and voltage equations for the network of 
Figure 2.8 which axe 




1 

jwC 





Thus a fluidic line of small length and large diameter 
can be treated analogous to a shunt capacitance in an electrical 
network as shown in Ficfure 2.9. 
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(a) A fluidic line of small 
length and large diameter 


(b) The electrical analog 
of the fluidic line 


Figure 2.9: Electrical analog of a fluidic line of 
large diameter. 

Another limiting conditi<Mr> encountered in the fluidic 
lines is the case of a line with very small diameter • In 

the limit ^ “ we can say that ^ o. The matrix 

equation then reduces to 




Proceeding in the same way as we did for the large diameter 
case, the above equation can be reduced to following form 




(2.37) 
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where L » 



The fluidic line with small diameter, therefore, can 
be treated as analogous to series inductance in an electrical 
network as shown in Figure 2.10. 

! X, I- f 


(a) A fluidic line with (b) The electrical analog 

small diameter. of the fluidic line. 

Figure 2.10 : Electrical analog of a fluidic line 
of small diameter. 



The lumped parameter represen taticm of the fluidic lines 

is of great importance in filter design. The low pass elec tri- 

are 

cal filter networks^in the form of ladder networks compri- 
sing of aeries inductances and shunt capacitances, With the 
help of the fluidic line configurations discussed above an 
electrical filter design can be straightaway transformed into 
a fludic filter design, 

2,5 SYSTEM GRAPH REPRESENTATION OF FLUIDIC ELEMENTS: 

In lumped electrical systcan the physical circuit diagram 
and the theoretical network nradel are topologically the 
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same* The situation is not the same in fluidic systems where 
the physical arrangement does not directly give any indicatic«i 
of the inter-relation between the various variables and the 
equations governing them* The interdependence between the 
variables can be visualised in a much easier way with the help 
of v\hat is called a system graph [7,8], 

The system graph is the graphical representation of 
equations of a dynamic system in a manner that is inspired by 
the theory of multiterminal electrical networks. The system 
in this representaticai, is visualised as an interconnection 
betweoi nwltiterminal elements. Each element is characterised 
by a constitutive relationship between what are called its 
through and across variables. 

The type of elements we are going to discuss fall under 
two categories, two terminal elements and two port elanents, 

A two terminal element is described by one through variable 
and one across variable say i and v respectively. The two 
are generally treated to be related in the form 

v = f(x) 

or equivalently i = g(v) 

These equations are called the constitutive relationship of 
the two terminal element. Vie are concerned here with these 
constitutive relation. The lumped electrical resistance. 





(b) Inductance 



( c) Capacitance 

Figure 2,11s System graph of lumped electrical elements 



(a) Transmission line (b) Two port (c) System 'graph 

represen ta tion , 


Fioure 2,12; System- araoh renresentation of a transmission 
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inductance and capacitance axe typical examples of two 
terminal elements. In all electrical cases the system graph 
is simply the usual lumped network theory model of the 
element as shown in Figure 2.11 • 

A section of distributed parameter line, when considered 
as a single entity between the two ends, can be treated as 
two port element. The transmission line is an example of this. 
The system graph of a transmission line between the two ends 
1 and 2 is shown in Figure 2*12, 

2,5. 1 Representation of Distributed Parameter Fluidic elements; 


A fluidic line, like electrical transmission lino can 
also be treated as a two port element between the two ends. 
The two set of variables are Qj|^ at one port and P^, at 
the other port. 


In the electrical system, voltages are taken with respec 
to ground, hence the system graph of a two port element has a 
common ground at both the ports. In the fluidic system the 
ground is analogous to atmospheric pressure. The system 
graph of a fluidic line is given in Figure 2 .IS. 


T> p 

' ( 1 ^ O' - 


Qz 

(?,>0 1 




(a) Fluidic line (b) Two port 

representation 



(c) System graph ‘ 






•• * 
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We will now examine the behaviour of certain specific 
types of fluidic line configurations with the help of system 
graphs. The configurations of our primary interest are closed 
and open ended fluidic lines which will be used subsequently 
in 1^e design of fluidic filters. Let us start with the 
matrix equation of a fluidic line given below. 


coshT-^^ Z-Sinhrjl 

C 


^ sinhT^ coshrJl 
^c 


The closed ended fluidic line will offer an infinite 
impedance to the flow of fluid. Therefore Q2 = 0, The 
systCTi matrix then gives 


= coshfi: * P, 


p, _ sinhri 

=-z;- 


= tanhri,- 


(2. 38) 


Thus the second port gets isolated. The constitutive 
relationship at the input can be given by the system graph 
of a two terminal element with one terminal forced to ground 
as shewn in Figure 2,14, 

The open ended line offers zero resistence to flow and 
hence P^ =* 0. The system matrix then gives the relations 
between the variables as given below. 
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(a) Fluidic line (b) System graph 

Figure 2*14; System graph of a closed ended fludic line. 


s= coshfA . 

Pj^ — Zg sinhi 

= tanha. Qj^ (2.39) 

Thus we See that the relation amongs the vari^ibles at 
the input of an open ended line can also be given fay a two 
terminal graph as shown in Figure 2.15. 



(a) Fluidic line 



(b) System graph 


Figure 2.15: Syst«n graph representation of an open ended 
fluidic line. 


In the above paragraphs, we have seen the two terminal 
behaviour of the closed and open ended fluidic lines. It may be 
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appreciated that in a composite fluidic system these fluidic 
lines can be only used at stub lines since the loading at 
the far end is prespecified, ViJhen used as stub lines, appro- 
priate fluidic line sections will have to be used for the 
interconnection. Therefore, in stub line configuration, the 
closed and open ended fluidic lines shown in Figure 2,16 will 
behave like two port elenents. 



(a) Closed ended fluidic (b) Open ended fluidic line, 
line 

Figure 2.16: Closed and opend ended lines used as stubs 


To examin the behaviour of stub line configurations. 


we will use the following relations. 


^2 - P 


Q, - Q, 


Q == ap 


where a = 


w— tanhfi for closed line and 
Zc 


1 * 

Z " tarih open line from equations (2,38) and (2.39), 
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Tttese relations indicate that the behaviour of stub 
lines will be governed by following matrix equation. 


Pl" 


1 

0 


P2 

Ql 


a 

1 




The system graph will, therefore, be as given in Figure 2.17. 



Figure 2.17: System graph of a closed or open ended line 
used as stub. 

In both the cases of closed and open ended fluidic lines, 
the system graph will remain same, only the parameter's* will 
differ as given above. 

The system graph of an overall fluidic system can be 
obtained by combining the system graphs of individual sections. 
To see how the system graphs are combined, consider the fluidic 
line elements placed in cascade as shown in Figure 2.18(a), 

Here the variables at the output of one element are the 
same as the variables at the input of next element. For the 
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purpose of matheinattcal analysis, this means that the matrix 
for the overall system is obtained by multiplying the system 
matrices of individual fluidic lines. Correspondingly the 
system graphs of elements appear in series with each other 
as shovm in Figure 2.18(b). 




(a) Fluidic line system 


\ - 



Figure 2.18: System graph representation of a composite 
fluidic line structure, 

2.5.2 Representation of Lumped Parameter Fluidic Elements? 

We have seen in Section 2.4 that when the length of a 
fluidic line is very small, it can be treated as a lumped 
fluidic element, under certain limiting conditicHis, Let us now 
examine the behaviour of these elements and see whether system 
graphs support the electrical analogy which we have detained 
based on the mathematical equations. 
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There aie basically two types of lumped fluidic 
elements which we are going to use in the realisation of fluidic 
filters. The first one is a fluidic line with small cross 
sectional area which, in terms of electrical analog, behaves 
like an inductance. The other is the fluidic line with compa- 
ratively large cross-sectional area. It behaves like a 
capacitance in terras of electrical analog. 

In the first case, i,e. a fluidic line of small length 
with a small cross-sectional area, the flow of fluid is 
almost direct from one port to other since the volume of the 
element is very small. This means = c^. The relationship 
between the pressure variable can be obtained from the matrix 
equation (2.35), 




1 

ju)L 


^2 



0 

1 

_ 


r 

1 


i,e, Q2 “* Q ' 

Pjl^ - P2 = jwL Q 
Q 

where L » ^ JL 

The configuration of this element is basically of two terminal 
type. The system graph is given in Figure 2,19. 
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(a) Fluidic element (b) System graph 

Figure 2,19: System graph of a gluidic line with small 
diameter. 



Another type of element in the lumped fluidic systems 
is a small fluidic line with comparatively large cross sectional 
area. Since the length of a line is assumed to very small 
compared to the diameter of the line, Pj, a p^. Further from 
the matrix equation of this element (equation (2*36)),we 
obtain 


0 


jwC 1 

If we denote net flow by Q ss Qj^-Q2 then 
Q — 3 wC 


a' 


Where C 
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The system graph reduces to two terminal representation 
with one terminal grounded as shown in Figure 2* 2D. 



(a) Fluidic element (b) System graph 

Figure 2.20? System graph representation of a fluidic 
line with large diameter. 

Thus we see that the system graph representation 
confirms the electrical analogy we have developed in Section 
2.4, Having found the way of realising inductance and capa- 
citance with fluidic structures, we can easily convert an 
electrical filter design into a fluidic filter. This can be 
appreciated by examining the system graph of composite fluidic 
system with inductive and capacitive fluidic elements connected 
in cascade as shown in Figure 2.21* 





(a) Fluidic system (b) System graph 

Figure 2.21: System graph of a lumped parameter fluidic 
system. 
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The system graph of the combined system of Figure 2-21 
has been obtained by connecting the systom graph of individual 
elements in series. The structure so obtained resembles 
the ladder netv/ork of electrical system. The standard 
electrical filters exist in this form of ladder network. We 
can, therefore, easily convert these filter networks into 
fluidic design using analogy establidied in Section 2.4* 



SECTION 3 


ELECTRICAL FILTER THEORY 

A filter is a network which passes a desired band of 
frequencies but suppresses the other frequency components. 
Ideally, a filter should pass all the frequencies in the 
desired band without any attenuation, whereas it should comple- 
tely suppress the other frequencies. In other words the 
characteris tic of an ideal filter has got a square shape with 
sharp cut off as shown in Figure 3, la. Such an ideal perfor- 
mance is not practically possible but can only be approximated 
to have a form such as the one shown in Fig, 3,1b, (3; 



(a) Characteristic of an (b) Characteristic of a 
ideal filter practical filter 


Figure 3,1: Ideal and practical characteristics of a 
filter. 

As shown in Fig, 3,1b, a practical filter has a 
gradual roll off. Hie steepness of characteristic can be 
increased by increasing the number of elements. The simplest 
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example of a filter network is a resonance circuit consisting 
of a series or parallel combination of an inductance and 
capacitance. It passes the frequencies near resonance and 
suppresses the other frequencies. An actual filter, however, 
is more complicated in structutre than a resonant circuit and 
typically consists of a ladder network with suitable combi- 
nation of inductances and capacitances. 

The work on filter started in the 192DS with the 
introduction of image parameter concept. The early techniques 
based on image parameter theory gave way to what is known 
as modern filter theory. For elaborate filter specifications 
it is the modem filter theory which is preferred, V/o have 
discussed both theories in this section. 

Modern filter theory was originally developed in relation 
to lumped network elements o,g, inductances and capacitances. 
However, the theory was later extended to microwave filters in 
which basic elements wore made out of transmission line sections. 
The microwave filter Structure bear a close analogy to fluidic 
System elements, IWe have therefore, discussed some essential 
features of microwave filters with a view to adopt them for 
fluidic filters, 

3.1 IMAGE PARAMETER FILTERS: 

We will consider the symmetrical T network of Figure 
3*2 to explain the image parameter concept. The input 
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impedance of this network is given by equaticwi (3*X), 


2.A 

-Wl/V- 


.A^A/1A- 


~Z.\yC^ i( ) 


I I 


Zo 




Figure 3,2: Symnetrical T section 
Zi Z2(^ + Z„) 

■in “ r + "t; 

5 " 


(3.1) 


If then equation (3,1) gives 


Zo . r Z;^Z2 ( 1 + ) 


(3.2) 


A practical ladder network consists of a series of such 
identical T sections finally terminated in Z^. The input 
impedance of such a ladder network is equal to Z^, This 
condition is met from both ends of the ladder. Filter circuits 
using such networks axe called image parameter filters. 


Now to examine the filtering behaviour of this network 


I 

let us denote the current ratio ^ by e 

^2 

r z 

cosh r =s " • = 1 + 


Then 


(3.3) 


(3.4) 
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or 

sinh -f I (cosh - 1 ) 

= T ^ (3.5) 

ris denoted by a+jp where a is the attenuation constant and 

C 

p is the phase constant. Then sinh can be expressed as 
given by equation (3,6), 


sinh =s sinh ^ cosh 2 j cosh ^ sinh ^ (3,6) 

A simple filter network consists of series and shunt 

^1 

arms of opposite reactances. The term win, therefcare, 

be negative* This means equation (3,6) will have only imaginary 
value; its real value will be zero i,e. 


sinh ^ cos 



and cosh ^ sin 



(3.7) 

(3.8) 


A filter network is characterised by the pass band and 
stop band, Ihe passband is the frequency region where most 
of the signals are passed without any significant attenuation. 
The remaining region of the frequency axis where the signals 
undergo certain attenuation, is known as stop band. The 
frequency at which the network changes its behaviour from pass 
band to stop band is known as cut off frequency. 
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For the syiunetrical T netwcark that we have considered, 
the pass band will be given by the region where a * o, whereas 
the stop band will be given by the region where a o. From 
the equations (3*7) and (3.8), these two conditions can be 
interpreted as given below. 

a) for a = o 

Mo 

sinh| = 

The minimum value sinh^ can have is zero. Therefore, 
we can say that the pass band starts from a frequency where 

b) for a o 

p = o 

or, cosh ^ 

The minimum value cosh % can have is 1. Therefore we 

^ Z 

can say that the stop band starts from = -1. 

The pass band therefore will be given by 

Z, . 

O < 1 < 1 

and the cut off frequency is given by 
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Thus, we see that we can obtain the filtering effect 
by using a symnetrical ladder netv/ork in v\iiich the series and 
shunt arras are of opposite reactance value, 

3,1.1 Constant K Low pass Filter; 

In the ladder network we considered above, and 2 ^ 

are of opposite nature in reactance. We can therefore put 
2 

^1^ ” ^ where K is a constant independent of freqpaency. 

Such networks are called constant K filters [3], As an special 
case let us consider the network of Figure 3.3 with Z^= jwL 
and = -j/wC. 

o — 


Figure 3,3; Constant K low pass filter 
The cut off frequency will be given by 



fc= nvfe- (3-9) 

The pass band will extend from 
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Zi = o 
or wL = o 
or w = o 

The frequency characteristic of constant K filter is given in 
Figure 3^4, which is that of a low pass filter. One section 
of a constant K filter gives a roll off in pass band of 6 dB 
per octave. If a higher roll off is required number of such 
sections can be connected in cascade. 



Figure 3.4: Frequency characteristic of constant 
K filter. 

An inherent drawback with the constant K filter is 
that its image impedance is constantly changing with frequency 
in a manner that does not correspond to any lunped element. 
This can be seen from the equation (3.10). 

Z, 

Zq » Tf Z^Z 2 (1 + 7^ ) (3.10a) 

» f [l-C-l- )^ 3 

^ c 


(3,10b) 
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For any lunped element termination, the filter chara- 
cteristic will deviate from the normal since the characteristic 
impedance is not exactly realised. To see ttet the character- 
istic impedance is exactly obtained at least at one frequency 
e,g, w =s o, the filter is normally terminated in a zero 
frequency load i.e, 

R = 

3.1,2 The ro-derived Filters 


We can obtain a steeper roll off characteristic if we 
replace the shunt capacitance of a constant K filter by a 
series resonance circuit, as given in Figure 3,5, This network 
is known as nv-derived filter. The shunt arm acts as virtual 
short at the resonance frequency giving a very high attenuation* 
This frequency is denoted by f^, 

{yi2j2 










o< 


- 4 . ty\ 







Figure 3,5: The n>-derived low pass filter 

The filter can be derived from constant K filter by 
putting = mZ^^. The value of Z^ can be then, found out by 
equating ZJ^ s Z^, 
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(mZ,) 


/- -- - + m Zj^z^ ss ^ — + z^: 


1 rn^ 


The resonance frequency is therefore, given by 


£2 - 7 

m 4 m 


(3.11) 


2^f me" 


1— m , 

4ra ' 


f . » 


itV'(l-m^)LC 

By putting fLC = equation (3,12) gives 


(3,12) 


m « n-ifjfoT 


(3.13) 


Apart from sharp cut off the n>-derived section has got 
another major advantage that fairly a constant image impedance 
can be obtained by proper selection of m. To demonstrate this 
let us break the m derived section into 2 half L sections 
as shown in Figure 3,6, For this network 


mZ, 1 —2 2Zrt 

7 , XX f Z, + — ^ 

“^21 ' 2 2m 1 m 

= TfZiZj (1 + ^ ) 
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Figure 3.6: nwderived filter devided in to two L sections 


Thus the image impedance of L section is same as that 
of constant K filter section. Also, can be derived as 


f^/fZ ] 

V(i-fVfZ ) 


(3.14) 


It can be seen that if we used m =: 0.6f a nearly constant value 
of image impedance can be obtained which is equal to Rj^. Hence 
we see that m derived half sections can be conveniently used 
for proper termination, 

A major disadvantage of m derived filter is that it give# 
smaller attenuation in stop band. For this reason, a practical 
filter normally consists of a number of sections of constant 
K and m derived type suitably connected to form a ladder 
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network. We will illustrate the practical filter design by- 
taking an example. 

Example 3. i t 

Let us design a low pass filter with a cut off frequency 
of lOCX) Hz with a very high attenuation at 1250 Hz and «». The 
filter is to be terminated in 500 -TL. 

For getting a very high attenuatiai at <», we use a 
constant K section with 


so that L/2 is 0,o79 H 

The ro-dcrived section with f = 1250 Hz will have the 

OQ 

m 

value of m as given below, 

o ^ 

m * IT 1 - {fjfj = V" 1 - (1000/1250) 

s= 0.6 


This ra derived section v/ill be most suitable for 
termination bynbreaking it into 2 halves since for this 
ra =: 0.6* 


0,6 X 0.159 
2 


0.0477H 


2 

L X 0.159 S 0.0848 H 

0.6x0* 636 


me 


S 0.191 pF 
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The composite filter is given in Figure 3,7, 


o'o^7 ; 0 0 7^ 

Cf 5 1- npsn- 




I 


c 79 : o ou/ 

-nsisb'^-~uni7r>-. . 
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O'Uil 


t' 


Figure 3,7j Composite filter design of example 3,1 

The elements can be combined to form the final filter 
design as shown in Fig* 3,8, 


C!-(26 



Figure 3.8: Final filter design of example 3,1 
3,2 MODERN FILTER THEORY: 

The image parameter theory is based on analysis of 
certain network structures. In cgntrast^ the modern filter 
theory relies on proper synthesis in which one starts with 
the specifications and arrive at a network structure that 
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meets requirements exactly. The specifications include even 
the tolerances for the approximations. There are families of 
certain standard transfer functions which are used for filter 
approximation and the ready made tables of element values to 
Suit these transfer functions [9], To illustrate the synthesis 
procedure frdra the first principle we will take an example of 
a simple transfer function in the following example. 

Example 3,2 ; 

Let us ccmsider a transfer function 

TCs)^-* i (3.15) 

S>2S'^+2S+-1 

The response of this filter can be found by putting 
different values of w in the above cjqpressim, (Figure 3,9). 

It is basically a low pass filter. 



Figure 3,9s Frequency response of a filter 

If we solve the denominator we get 3 poles i,e, 
- 1 

— 0,5 + 0,866 


I 
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S+-1 (3.17) 

Now we can realise this driving point function with the 
mere examination of equation (3.17). The filter configuration 
will therefore appear as given in Figure 3.11* 



Figure 3*11; Low pass filter of example 3.2 

This filter has got a 3 dB cut off frequency of 1 rad/sec 
and it terminates in a resistance of i-^ , We can convert 
this design to appropriate cut off frequency f^ and load R by 
following relations. 
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This point can be verified by seeing the effect of the 
change in element values on the transfer function and the 
frequency respc»ise characteristic. The frequency response 
characteristic will get normalised to the new cut off frequency; 
the shape of the curve will remain same. Similarly the 
element values get normalised so as to suitably match the 
new value of load impedance. 

From the above example, it is clear that we can design 
a filter with any cut off frequency and load from the elementary 
design of Figure 3J,1, The frequency response characteristic 
will have the same shape when normalised to a cut off frequency 
of 1 rad/sec. This concept has led to simplification of 
procedure involved in filter design with the help of standard 
tables which are worked out before hand. 

In the example 3,2 wo have considered the values of load 
and source impedance as same. Similar standard designs can be 
obtained for different ratios of source to load impedance. 

Example 3,2 illustrates the design of a 3rd order filter. The 
filter has got a very gradual roll off characteristics. Vie 
can obtain a steeper characteristic by increasing the order 
of the filter* However# if we want that the basic nature of 
the frequency response curve should not change, then the new 
transfer function should also belong to the same family of 


curves. 
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The transfer function of example 3.2 is identified 
by the fact that all its poles lie on the circumference of 
unit circle. Such family of curves are known as Butterworth 
characteristic. The method of approximating the ideal filter 
response with the help of this family of curves can be said 
to be Butterworth approximation. Similarly the denominator 
of the transfer function will be known as Butterworth polynomial. 

Working on the same lines, a fourth order Butterworth 
polynomial will be 

5^2 , 61 S^+ 3 . 41 S^+2 . 61 S+1 

The location of poles for this transfer function and 
the filter configuration obtained are given in Figure 3,12, 



(a) Pole location (b) Filter configuration 

Figure 3,12: Design of fourth order Butterworth filter 


So far we have used the circuits with current generator. 
The same design can be used for a circuit with voltage source 
by slight rearrangemaits of element values as shown in 
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Figure3*13, The figure shows the circuit for order 
Butterwoxth filter. 


i 

■j 



^ 7<r 






Figure 3.13: Fourth order Butterv/orth filter for 
circuit with voltage source. 




Working on these lines we can make a table of element 
values for different values of n (order of filter) and R^/Hg 
(ratio of load to source impedanc^. Such a table for Butter- 
worth family of curves is given in Appendix * C* , The atten- 
uation characteristics are given in Appendix ‘ B* . Vdith these 
.two things given, the job of filter design becomes easy. All 
that one has to do can be given in following steps: 

i) See the filter specifications 

ii) Select a curve which fits in best into the 
specifications, 

iii) For that order of filter and given ratio Rl/R 5» 
select the element values from the table. 

iv) Normalise the design for given cut off frequency 
and load impedance. 

Although Butterworth filters are most commonly used 
^ecause of their simplicity, there are other filter chara- 
cteristics which have other attractions like more steepness. 
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Xess ripple, uniform delay etc. In the following para- 
graphs, we will give a brief introduction to the different 
kinds of filter approximations [lO], 

i) Butteiworth filters ; 

The Butterworth approximation to an ideal low pass 
filter is based on the assumption that a flat response at zero 
frequency is more important than sharp cut off. The normalised 
transfer function has roots which fall on a unit circle, 

ii) Cheb ^c hev response : 

A sharp cut off can be obtained if we move the poles of 
Butterworth filter to right by multiplying them by a constant, 
The poles will now lie on an ellipse instead of unit circle. 

The sharpness is however obtained at the expense of ripple in 
the pass band. The ripples will grow in magnitude as the real 
part of the poles is decreased, A table of Chebychev filter 
will specify the magnitude of ripple for which it is applicable. 
This type of characteristic is used when a sharp cut off 
is required with less number of elements, 

iii) Bessel filters ; 

We have seen that Oiebychev filters give better 
selectivity but only at tl^e expense of poor transient beha- 
viour, ThOv Bessel transfer function has been optimised to 
obtain a linear phase i.e. maximally flat delay, Bossel 
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response, essentially has no ripples but it is less selective 
then the other types of filters. The poles of Bessel function 
also lie on unit circle but with their imaginary parts sepa- 
rated by an amount given by 2/n, The Bessel filters are used 
in applications where the transient properties are of major 
importance, 

iv) Elliptic-function filters ; 

All the filters discussed above are of all pole type 
i.e, they have a denominator polynomial. They can get infinite 
attenuation only at f-^oo. Elliptic function filters have 
zeros as well as poles in the transfer function. The zeros at 
finite frequencies reduce the transition region so much that 
extremely sharp roll off characteristic can be obtained. The 
improved performance is obtained at the expense of return 
lobes in the stop band. 


The elliptic filters, although, give superior performance, 
are more complex in design. A low pass elliptic filter 
uses a series resonance circuit in place of shunt capacitance 
as given in Figure 3,14, 




u 

L. 




JO 


Figure 3.14; A low pass elliptic filter 
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We will now c<xisidier an example to illustrate how a 
required filter can be designed using the standard tables. 

Example 3,3 ; 

Let US design a low pass filter with 3 dB attenuation 
a 1000 Hz, 


A minimum 20 dB attenuation at 2000 Hz is required 
Rg = = 500 

The normalised requirement says that we want 20 dB 
attenuation at = 2 rad/sec, Examination of attenuation 

curve given in Appendix ' B* indicates that an n=!4 Butterworth 
filter will satisfy the requirements. 

The element values for fourth order Butterworth filter 
can be obtained from Appendix ‘C*. 


s 0.765 
= 1,848 

L3 = 1.848 

C4 *= 0.765 

These values can be normalised for given cut off 
frequency (i.e, 1000 Hz) and load by using relations 



C 
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11 

0.765 X 500 

0.0564 H 

2 n Jc 10(» 


1,848 _ 

0.598 pF 

271 X 1000 X boo 


1.848 X 500 

0.136 H 

L 3 - 

271 X iooo 

^4 * 

0.765 _ 

0,243 pF 

2jt X 1000 X 500 


The resulting filter is shown in Figure 3 .IS* 


--VVW- 


— J- 


(- C'243 


*"5 oo 


1 


Figure 3.15: The resultant filter design of example 3.3 


3.3 ESSENTIAL FEATURES OF MICROWAVE FILTERS: 

In a normal electrical circuit which operates at 
moderate frequencies, the inductances and capacitances are 
realised through wire wound coils and condensers. At higher 
frequencies, such as those in the microwave range, the dimen 
sions of coils and condensors may become ccmiparable to the 
wavelength. Then, we cannot think of an inductance and 
capalcitance in isolation without considering the effect of 



69 


wave propagation. This necessity has led to the concept of 
using transmission line networks for high frequency filters. 

The filter theory discussed in this section can be 
used fox any transmission line network. However we present it 
under the heading of microwave filters s.ince it has been 
extensively used and developed in the field of- microwaves. 

3,3.1 Richard’s Transformation: 

Richard* s suggested that transmission lines of 
commensurate lengths can be used as inductance and capacitance 
through suitable frequency transformation [ll]* To appreciate 
this fact let us examine the equation (2.8) which gives the 
input impedance of a transmission line terminated in a load 
impedance of 

Z 

The input impedance of the lines which are short 
circuit or open circuit at far end can be found out from 
this as 

Zgh » Zc (3.19a) 

Zqp =*= (3.19b) 

If wo replace tanhTi. by X then equations (3.19) 

becomes 

^sh “ (3.2Da) 

ZoD = Z./X (3.2Db) 


2^ coshr-^+ Z^ sinhCl 
2^ sinhri.+ Z^ cosh ri 
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This shows that if one considers as an independent 
frequency variable, is the impedance of an inductance 
L = and Z^p is that of a capacitance C = l/Z^, The fre- 
quency transformation X * tanhy^!^ is known as Richard's 
transformation [12]. 

The elements L and C can be realised through transmission 
lines by using Richard's transformation as given in Figure 3.16. 
Resistance is independent of frequency and, therefore, is 
invariant in the above transformation. 


r 



Figure 3.16: Realisation of inductance and capacitance 
using transmission lines. 


For a lossless line , equation X = tanh I X can be 
further simplified 

X =s tanh 
or X = tan p i 

But P =* a where a is the speed of wave propagation 


X* tan in 

f/ 

The faqtor f- signifies a constant delay, T, depending 

cl 

upoi'i length of transmission line, ^ • The length i has to be 
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maintained during the transformation. Therefore all the 
elements of transmission line netv^ork will have same length. 
This is a fundamental condition we put on a transmission 
line networks for ease of design. When such is the case, each 
transmission line section is said to be of unit length. 

The salient features of mapping are shown in 

Figure 3,17. The frequency domain bounded by two straight 
lines S =s cf ^ carries all the informa ticx^ of the A plane. 

The entire real axis of S plane is transformed into segment 
IXl < 1. 



Figure 3.17: Mapping of S plane into A plane. 

Since \ is periodic function of w the properties 
of Richard's network are, also periodic as shown in Figure 
3,18, The periodicity of A is given by f" ^ 2* A low pass 

design in A -clomain will appear as a comb filter in w 
domain i.e., one with a periodic pass and stop bands 
as shown in Figure 3,19.[l3], 
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A /\ 



The pass bands of real frequency axis will appear with 
a periodicity of ^ . The low pass effect is obtained by proper 

selection of delay T such that the frequency band of interest 

falls before the rising edge of second pass band. The delay T 

in turn depends on the unit length Ji , 



Figure 3*19: Transformation of a low pass design from 

to w frequency axis. 
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Having studied the behaviour of S-^ A transformation , 
let us see how can v/e combine the short and open circuit lines 
to obtain a filter structure* These configurations can only 
be used as stub lines in a transmission line netv^/ork, since the 
loading at the far end is pre specified. These stubs are 
interconnected by means of what is known as a unit element, 

A unit element is a lossless transmission line of unit length. 
The transfer matrix of the HE obtained from the equation (2.7) 
is given below. 


cosh ^ 
sinhTA 


Z sinhr.i. 

C 

cosh (’A, { 

i 

i 


1 Z^tanhrf. 


= coshD? 


I ^ tanhH ^ 

Using transformation X = tanhft 
UE becomes 


the transfer matrix of 


( 1 - 






(3.21) 


3.3.2 Kuroda»s Identity ; 

Designing filters with the help of transmission line 
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elements is not the same as it is v/ith lumped elements. One 
cannot obtain all sorts of series, parallel combinations with 
transmission line networks because of their peculiarities of 
construction. In a coaxial cable, for example, the inductance 
or capacitance will exist between the central conductor and 
outer sheath. Therefore the series connection in this case 
is not feasible, 

v7e are thus constrained to use only those configu- 
rations in viiich both inductive and capacitive elements appear 
in parallel. Since in a standard low pass design, we need to 
have the effect of an inductance in series and not in shunt, 
this poses realisation difficulties. 

To overcome those difficulties, Kuroda proposed a list 
of identities as given in Table 3.1. [12'J, The use of these 
identities lie in the fact that by combining v/ith UEs, an 
unrealisablo filter netv/ork can be converted to a realisable 
network by applying these identities repeatedly. A simple 
example is that of a hypothetical series inductance which 
vJhQn combined with a UE, can be replaced by an equivalent 
combination of a UE with a shunt capacitance which can be 
realised in practice. 

Let us consider an identity from the table and try 
to verify it as an exercise [14], We will consider identity 



Table 3 


List of Kuroda': 
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L valent Circuit 
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1 for this purpose. The matrix representation of original 
circuit will be 




1 

Xc 


r 


^ 1 


xi 


X 

r: 




> z. 


0 i 


(Ct )A z c + 1 


■*1' 


J 


(3.22) 


Similar ily the matrix representation of equivalent circuit 
is 




1 

i 

i 

1 

XL j 

: 

\ 

- ^0 

J 

1 i 

1 

[ 

0 

u_ 

1 „ 


vd- x^) 


Z' 


(_ 


( Zjj+L ) X 


T 


t 1 


z* 

^o 


(3,23) 


For the two networks to be equivalent all the elements of 
matrices (3,22) and (3,23) should be equal. 
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^0 = ^ 


(3,24a) 


C + 


L 

jr 


' 2 ’ 
o o 


Z C 
0 


(3.24b) 

(3.24c) 


If we define K by l+Z^C as in table, then 
Z 

Z« =s — S 

K 

T - 7 

^ “ K 


{3. 93a) 


(3.25b) 


This is same as the relations given in the table. All 
the identities can be verified on tlie same lines. Liter on 
in Section 5 we will use sorae of these identities for the 
synthesis of fluidic filters, 

3,3,3 Important Theorems: 

In this section we will present two important theorems 
connected with Richards’ transf or.ua tion which serve as the 
basis of obtaining microv<ave filter structure using unit 
elements, Tliese theorems will be used latex for fluidic 
filter design [12], 


Theorem 1; Richards’ Theorem 


It is alv/ays possible to realise a positive real 
function Z( A ) v/ith a unit element cascaded with another 
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positive real function Z^{ A) with a degree not higher than 
Z( )• Refering to Figure 3,20, Z( A) can be written as 


/•» 


j i Z. 




Figure 3,20: Simplification of Richards* netv/orks 


Z{ 


ZjAZo + Zj^(A )] 


(3.26) 


equation (3,26) can be rearranged to find out Z^( A ) which 
will satisfy this condition. 


ZJ Z( X ) - Z J 

r, / K \ O'- ' ' O-* 

z^( X ) = 


(3.27) 


Characteristic impedance of UE, Z^ can be found out 
by putting = 1 in equation (3.27) so that 

^0 

Richards’ theorem does not guarantee ’ the realisation 
of a transfer function with the help of minimum number of 
elements. But it is important because of the generality with 
which it can be applied to the transmission line network. 

It can be resorted to when the other standard methods do not 
give the desired result. , 
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Theorem 2: 


A reactance of degree n can be realised as input 
iiranittance of n cascaded UEg short or open circuited at the 
far end. Some examples of the circuits of this nature are 
shown in Figure 3.18, 

f ^ 

- vf_ I 

I 

.. - 

Series resonant circuit 



(a) 



^_L . j 

^ > i 

!~ — i 

' b' 'il' 

^ «L— .. 1 

' X j 

V J ..i' 

! / T 

C .. . j 

1 ' 



1— r-. ' 

1 


= C + 

L 



(b) Shunt resonant circuit 


Fig, 3,21: The bar- type equivalents of LC resonators 
( X® = l/LC). 


In the above paragraphs we discussed some essential 
aspects of electrical filter theory which are subsequently 
used for understanding and designing of fluidic filters. 
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In the field of fluidic filters image parameter 
technique has been widely used so far. However, the 
concepts of modern filter theory does not seem to be extended 
to this area. In later sections we have laid emphasis on 
the uso' of modern filter theory vjhich loads to a more 
systematic approach than the image parameter technique. 

’ii^e discussed some essential aspects of microwave filters 
since the microwave filter structures bear a strong 
resomblenco to fluidic systems and the design procedure 
they suggest for fluidic system. 



SECTION 4 


INTRODUCTION TO FLUIDIC FILTER DESIGN 

In this section v/e have discussed the fluidic filter 
design and analysis using conventional techniques. It has been 
broadly categorised in tv/o classes: i) Lumped parameter 
filters ii) distributed parameter filters. The first cate- 
gory of filters uses the lumped 2- terminal elements for 
realisation. On the other hand the later one uses sections 
of transmission line in cascade and as stubs. 

In the fluidics, the lumped parameter filters are so 
far mostly designed using image parameter theory. We have, 
however, made an attempt to extend the concept of modem 
filter theory, also, to these types of fluidic filters. Use 
of modern filter theory for design of fluidic filters gives us 
a more systematic synthesis approach. Through use of modern 
filter theory, we can design a filter to match the specified 
frequency response precisely; even the tolerances can be 
specified. 

So far as distributed parameter filters are connected, 
there has been very little work in fluidics. The methods 
available are mostly analytical in which certain kinds of 
fluidic structures, which are known to give filtering effect, 
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are used. As an illustration of this approach, we have 
discussed the method pioposed by A. Kohl [15], 

4.1 LUMPED PARAIaETER FILTER DESIGN: 

We studied in Section 2.4 and Section 2,5 that if the 
length of a fluidic line is very small it can be treated as 
a lumped element so that a fluidic line with small diameter 
will give an inductance and a fluiciic line with large 
diameter will give a capacitance which are given by equation 
( 4 , 1 ) • 

A 

L = 1 ( small diameter) (4.1a} 

C = .lAy A (large diameter) (4,1b) 

As a general rule the lunped parameter fluidic filters 
give a satisfactory result as long as their overall diamensions 
are less than quarter of the wavelength of the signal propagating 
through them, 

Flanagan used this approach successfully to design 
the acoustic filters for digital communica tipn circuits [16], 

But he used the method of coefficient matching which was 
suitable for the perticular purpose. In general, however, 
the fluidic filters can be designed by using one of the tivo 
approaches which are i) image parameter technique and ii) 
modem filter theory. 
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We have presented the lumped parameter fluidic filter 
design in relation to the fluidic lines of circular cross- 
section which are most commonly used in practice. 

4,1,1 Image Parameters Filter; 

A fluidic filter can be realised from constant K 
filter design of an electrical filter , The series inductances 
and shunt capacitances of constant K filter can be realised 
through fluidic linos of small and large diameter put in 
cascade. The cascade arrangement of these fluidic elements 
give the effect of a ladder network as discussed in Section 
2*5.2. V/e will present the design of image parameter fluidic 
filters through some examples given below. 

Example 4.1 : 

Let us design a filter with a cut off frequency of 
500 Hz and a load of 5 x IO'^-j'i- at both ends. Filter with 
such specifications can be used in application like pressure 
smoothing m wind tunnel measurements [ 2]« The load impedance 
of this magnitude is typically encountered when source is the 
aerodynamic surface under test and load is a transducer 
arrangement. 

The exact calculation of load and source impedance is 

quite complicated [17,18], A rough estmate, however, can 

9 a 5 

be found from the relation R = * Thus a load of 5x10 
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will be caused by a fluidic element with a diameter of around 
3,2 cm as clear from calculat3.ons given below; 






1,21 X 340 
7t X 5 X 10^ 


= 1.618 cm 
or, d = 3,2 cm 

The element values of the T netv/ork can be obtained through 
the calculations given below 


L = 


R 


or, 


R 


2iif, 


5 X 10' 


" 2 X It X 500 


and 


C = 


= 0.159 ,JC 10' 
1 


itfcR 


itxSOOxSxlO 

= 1.27 X 10"’ 


(4.3) 


( 4*4) 



Ue assume that the diameter of the main inductive 
element is 1 cm and tha t of capacitive element is 4 cm. In 
practice these values can be chosen to suit the perticuiar 
requirement. The length of L and C elements can be calculated 
as 



i, = 


L X ^ 


0, 159 X Tt X (0.5)^ X 10“'^ X 
' iTii 


(4,5) 


S3 1*03 cm 


Similar ily 

C =s 2 

5 a 

0 2 

ox f ^ 2 — ^ ^ 

1 . 27x10“ ^xl . 21X (3 , 4 ) ^x lo"^ 

itx(2)^xl0“'^ 

3s 14,1 cm 


(4.6) 


The filter configuration appears as given in 
Figure 4.1* 

The filter obtained in the above example is not 
suitable for the type of application for which we want to 
use it. It will also give error since the overall length 
of the filter is very close to quarter of the wavelength. 



86 




\ 

\ 






t 


^'0 3 , 


lo> 




->ll (j I'* 

j . 


< }4*j. 


(a) Fluidic filter 
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(b) System graph 

Figure 4,1: Fluidic filter of Example 4,1 


The wavelength of the filter is given by, 


X 


a 340 
= ? ^"0 == 


68 cm 


However, the requixanents of accuracy are not so stringent 
in case of silencers. It v/ould seem, therefore, possible to 
use this kind of design in applications like silencers. The 
dimensions are also quite suitable to match the exhaust pipe, 

A cut off frequency of 500 IIz will give a good enough reduction 
in noise [17], 
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The situation is not always, so critical as it is in 
the previous example. For example if the load were to be 
3 times more i*G. 15 x 10— the length of C element would 
reduce 3 times, bringing a considerable reduction in overall 
length, •^imilarily a higher frequency will also result 
in smaller overall length. This can be seen from the example 
4,2 given below. 

Example 4,2 : 

i/e will now design the filter of example 1 with 
different specifications i.e, cut off frequency, f = 1,5 KHz 
and load impedance, R = 1,5 x 10 . Let us assume the same 

C 

condition of load and source arrangement as given in 
example 4,1, A load of 1,5 x 10 ~i'-v;ill mean a load and source 
arrangement with a diameter of the order of 1.9 cms as given 
below 

p- 

h - -7^- 

or, r = V TTir 

= 1*21x340 
11x1,5x10^ 

= 0.95 cm 

or, d = 1.9 cm 

The element values of the T network are calculated below. 
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I R 


or ft 


2 ■ 27cf, 


k s 1*5 X 10^ 
^ 11X1,5x10^ 

* 0.159 X 10' 

1 

' *“ f^R 


itxl , 5xl0^1.5xl0^ 
1.414 X 10“^° 


If we again take the diameter of inductive and capacitive 
elements as l and 4 cm respectively, the length of these 
elements will be as given below. 


T — 0 

^ A ^1 

a 0.159xl0^xnx{0.5 )^xlO“'' 
, = ft— 1. 


“• T.2X- 

== 1.03 cm 


Also, 

C 



‘i 



1.414xl0'*^‘^xl. 2 1x(3.4)^xl0^ 

7cx(2)^xlO^ 


=: 1.574 cm 
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The filter configuration so ob'fcained is given in 
Figure 4,4* This time the dimensions are quite satisfactory. 



(a) Fluidic filter (h) System graph 

Figure 4,2; Fluidic filter of example 4.2 

The length of inductive elements can be further reduced 
if we reduce the area of cross section, dia of 0,5 cm will 
give the length, J^i 4 times less i.e. 0,25 cm, Similarily 
the length of capacitive element can be reduced by increasing 
the diameter, 

V/hat we have discussed above is design of a prototype 
low pass filter. In practice a number of such sections will 
be connected in cascade to meet the specified frequency 
response. Each section will decide a perticular frequency at 
which the attenuation is very high. The steepness of filter 
response will depend on number of sections used v;ith each 
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section contributing to a roll off of 6 dB per octave. Thus 
the designed frequency response can be approached by using 
appropriate number of filter sections in cascade, 

A major problem encountered in the image parameter 
filters is that of termination, w'e have seen in electrical 
context that for proper matching a constant K filter should 
be terminated in its characteristic impedance which varies 
continuously with the frequency, h'e cannot resolve this 
problem by using m derived section as v;e did for electrical 
filters. The m derived filter uses a combination of L and C 
in shunt arm v/hich is difficult to realise with lumped fluidic 
elements* Use of modern filter theory gives a satisfactory 
answer to these questions. 

4,1,2 Modern Filter Theory: 

V'/hen a fluidic filter is to oq designed to meet the 
detailed specifications like attenuation at different frequen- 
cies, use of modern filter theory gives more satisfactory 
results. Starting from given specifications, we can obtain a 
fluidic configuration that mil meet the requirements exactly. 

It has got an additional advantage that the filter 
so designed matches exactly to the given load impedance. Let 
us illustrate the procedure by taking some examples given 


below. 
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Example 4,3 ; 

Let us design a 5th order Butterworth filter wilii 
cut off frequency of 1 KHz. Vsfe will assume that the filter 
is connected to a long tube of 1 cm diameter at both the ends. 
So that the source and load impedance can be approximated 
to be 

R R — 1» 21x3,40 

^ ^ 7ix(0* 5)^10”'^ 

= 5.238x10^ 

The element values for the 5th order Butterworth filter 

are 

= 0.618 
- 1.618 
L3 2 

C4 =s 1.618 
L5 = 0.618 

The normalised values can be obtained by relations 

Tf - 

Lj_ = 0.515x10^ 

- 0.0491x10’"^ 

L 3 = 1.667x10^ 
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= 0,0491x10"^ 
= 0.515x10^ 


If we consider the diameter of L and C elements as 
1 cm and 4 cms respectively, the length of each section will 
be given by 



or, = 


LA_. L X Tc X r*" 

iiiim iiiKii^ «gi2 --rr a wmimm mm 

S f 


c * 


A 

'a' 


or 


i 

X? 


C 

X C' 


7c X r 


il. ^ =* 1.06 cms 
Jt 2 * 0.546 cms 
m 3,44 cms 
Jl ^ » 1.06 cms 
jl 5 a= 0 . 546 cms 


The overall design will emerge as given below in 
Fiaure 4.3. 



(a) Fluidic filter (b) System graph 
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The length of middle section can be reduced if the 
situation demands, by reducing the diameter of tube. If we 
reduce the diameter by a factor 2, the length will reduce 4 
times. 

Example 4,4 ; 

\ie will now take up the design of a filter for 
unequal termination with f^ = 3,4 KHz, Let us assume that 
the source impedance is 5,238xl0^-as in case of example 4,3 
and the load impedance is considerably larger than the source 
impedance. Let us design a 4th order Butteiworth filter. 

From the table of Butterworth filter, we will select 
the element values for =; oo as given below, 

= 1.53 

L 3 ~ 1.08 

C 4 = 0,38 

The noiinalised values are given by 

T * — 

L^ = 0.372x10^ 

= 0.14x10"’^^ 
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L3 « 0.093x10^ 

= 0.096x10“^*^ 


Fox diameters of 1 cms and 4 cms for L and C, the 
individual section will havo lengths given by 

= 4”^l 


or 


, J?,. =L a 


? 


c = 


A 


-.'Jl 




or, 


l = c Lsi 


7txr^ 


jl. ^ *5 2.41 cms 
2 2 ~ ^ eras 

3 = 0.6 cms 
J[ 4 s 0.425 eras 

The filter dimensions will be as given in Figure 4,4. 



(a) Fluidic filter (b) System graph 

Figure 4.4: Fluidic filter of example 4.4, 
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If we want to install this filter in a small length, 
then we can reduce the length of elementX^, reducing its 
cross-sectional area. If we take a diameter of 0*5 cm in 
place of 1 cm; the length ^ ^ will become 0.6 ems given in 
Figure 4,5, 




=■5 ^ 




0-6 


T 


Lo<>c* 




Figure 4,5; Modified design of example 4,4 


This is a very useful design. It can be used fox 
acoustic filtering of voice signal in a digital comnwnication 
system. It can be conveniently installed in the headset with 
a slight modification. 


Conventionally the digital communication system use 
electrical filtering for the band limiting the voice channels, 
J.L. Flanagan suggested that the overall cost can be consi- 
derably reduced if acoustic filters proposed by him. are 
used in place of electrical filters [16], His method, 
however, was analytical based on the open circuit response 
of a ladder network* VJe have used here a systematic 
approach based on modern filter theory. 
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4,2 DISTRIBUTED PARAMETER FILTERS: 

Although the lumped parameter theory, provides a 
simple design technique, it imposes certain restrictions on 
the dimensions of fluidic filter. The actual f, liter perfor~ 
mance will not match with theoretically predicted response 
as the overall dimension approach quarter of a wavelength, 
owing to the fact that for these proportion, the idealized 
models of the elements do not hold good. 

To get over this difficulty, we have to treat the 
fluidic elements not in terms of lumped parameter elements 
but rather as elements v/ith distributed parameters. But if 
we do so, using existing method of analysis to obtain an exact 
synthesis procedure becomes almost impossible owing to the 
difficulty in computations. It has been the practice in past 
to use certain fluidic line configurations which are known to 
give the filtering effect. The fluidic filter is derived 
from these configurations by analysing them and changing the 
dimensions till the fluidic system gives the nearest possible 
filter response. 

Various types of arrangements have been tried for 
realisation of distributed parameter filters. Most inter- 
esting amongs them are the ones suggested by A, Kohl of 
Technischen Hochschule Aachen, Germany [15], He used certain 
stub line configurations which are well known to acoustic 
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systems, iVfo basic configurations which he used in the design 
of low pass filters are shown in Fig. 4,8. 

The element of Figure 4, 6(a) is a simple stub line with 
uniform cross section, V/hat is given in Figure 4.6(b) is the 
Helmholtz resonator used in acoustics. Such configurations 
are only possible with rectangular tubes since the ends of 
stub lines should physically match with the main fluidic line. 
Hence it is the common practice to use rectangular tubes in 
designing the distributed parameter fluidic filters. 

The stub line of Figure 4, 6(a) is treated as a trans- 
mission line open circuit at the far end since the closed 
end resembles a very high impedance. The stub line with 
stepped cross section of Figure 4, 6(b) can be treated as cascade 
arrangement of two transmission lines of different characteristic 
impedances. Their frequency response can be calculated using 
equation (2*8) or by solving their matrix equations given 
by equation (2«32), 

A Kohl performed experiments with the two stub line 
configurations and found the response to be in good approxi- 
mation with the theoretical results. The frequency responses 
of these configurations are given in Figure 4,7, Therefore 
the analysis of the networks involving stub lines can be 
carried out by using netrix representation of each line 



section. The overall system matrix can be obtained by 
multiplication. The response of the system can be found 
from this system matrix. 

A fluidic filter is then, obtained by suitable placement 
of these stubs along a fluidic line, a typical low pass filter 
so obtained is given in Figure 4.0. The filter has got a 
uniform depth of 2.9 irm. 

The filter of Figure 4.8 is designed for a cut off 
frec'uency of about 1,7 KHz. The design can be converted to any 
other desired frequency by changing the dimensions pre- 
portionally. Thus a low pass filter v/ith cut off frequency 
of 3.4 KHz will have the length and width of the fluidic 
lines half of what is given in figure, 

A. Kohl used this kind of filter in the fluidic speech 
transmission system and found the results to be quite satis- 
factory. However the method proposed by him does not give a 
straightforward synthesis procedure in which we can start 
from specifications and determine what sort of constructions 
will give the desired response. In the next section v>fe will 
attempt to devise a procedure of synthesising fluidic filters 
using Richard’s transformation discussed in Section 3.3. 


SECTION 5 


FLUIDIC FILTER DESIGI''! USING RIC2ii\RD' S TRANSFORMATION 


V/e have seen in the pxeceeding section that stub line 
configurations closed ox open ended at the far end give a 
filtering effect. These closed and open ended lines have 
resemblance to open and short circuit transmission lines. 

It has also been seen in Section 3,3 that using Richard* s 
transformation (Aw tanhP?) the open and short circuit 
transmission lines can bo viewed as capacitance with C = ^ 
or inductance with L a respectively. This gives us an 
intutive feeling that Richard’s transformation can be used 
for synthesis of fluidic filters, 

5.1 THE GENERAL PRINCIPLE: 

V^e will first examine the possibility of using the 
destributed parameter fluidic lines for realisation of fluidic 
filters. To bogjUi with lot us examine the behaviour of closed 
and open ended fluidic lines after having applied the Richard’s 
transfoxroa tion X * tanh PA* The system graph of Figure 2,15 
for these 'trifo configurations reduce to "bwo port elements as 
shown in Figure 5.1 and Figure 5.2 respectively. 

Now, if we treat X as an independent frequency 
variable, the system graph of a closed ended fluidic line 
resembles that of a shunt capacitance of an electrical system 



I 


101 



(a) Fluidic line 


System graph 


Figure 5.1: System graph of a closed enr)«^ . 

after application of Richarrtf? line 

transformation. 



(a) Fluidic line (b) System graph 


Figure 5.2: System graph of an open ended 
after application of Richard’s 


fluidic line 
transformation. 


with C » 4- , Similarily the system granh ^ 4 ? ^ 

y-^«pn of an open ended line 

resembles a shunt inductance with L = 2 , 

‘‘c* we have, thus found 

an effective way of realising fluidic induc+an<~r^ = = - 4 . ’ 

‘uuctance and capacitance 

with the help of open and closed ended fluidic lines. 

There are certain difficulties arising out of the 
fact that both capacitive as weli as inductive elements using 
closed and open fluidic lines can only be realized in ptractl< 
as stub lines, behaving like the shunt elements. The first 
problem is that of interconnection of the stubs by appropriate 
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means. The second pixjblem is that che standard low pass 
electrical filter network cannot be used for fluidic filters as 
such since it requires the use of inductive elements in series 
rather than shunt. 

The problem of interconnection is sorted out by the use 
of unit element. In relation to fluidic systems, a unit 
element is a fluidic line of a predetermined fixed length. The 
length is predetermined to obtain a uniform delay. 

All the unit elements and the stub lines will be of 
a length given by the frequency transformation ^ = tan'r>]r^ . 

The second problem is that of getting a suitable 
electrical filter network which can be easily realised with 
fluidic elements. This network should not only have shunt 
elements al<xie but also account for the unit elements that are 
required to be inserted in between the elements. This is 
done by transforming the standard ladder network into a 
network in v^/hich shunt elements are separated by unit elements. 
This is achieved by first inserting the hypothetical unit 
Clements at the source and load of the ladder network and then 
applying Kuroda’s identity (discussed in Section 3,2) repea- 
tedly to get the desirable network configuration. The unit 
elements are inserted in such a way that the loading conditions 
of the network do not change. 
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Wg have developed a design procedure based on the above 
principles in the following sections. Since the analysis 
underlying the design principle is essentially based on distri- 
buted parameter theory, we can put the filter design in the 
category of distributed parameter filter. 

5.2 SYNTIIESIS PROCEDURE: 

The synthesis procedure can be explained in following 
stops [19]. 

i) Warp the frequency parameters using Richard’s 
transformation, =« tanh Ti . For a lossless fluidic line 
the propagation constant f" is given by 

r « JP “ 0 I 

or, X = ja 

sa tan ~ ^ 

Thus the cut off frequency w_ win bo transformed into 

6 ) 

wjj » tan it • 

where JL is the unit length i.e. the length of the UE as well 
as that of stub lines. 

Generally from realisation point of view, unit length 
is chosen such that the transformed cut off frequency is 
in the vicinity of 1. But sometimes the situation may arise 
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where this condition cannot be met , To appreciate this, 
let us examine the frequency response of a low pass filter 
given in Figure 5*3. 



Figure 5,3; Frequency response of a lew pass filter 

Ue have seen in Section 3,3 that a low pass filter in 
>v domain acts as a comb filter in real frequency domain 
with the repea tition interval that is decided by 1 . For the 
satisfactory performance, the frequency band of our interest 
should not extend beyond the rising edge of second pass band. 
\Ihen the required frequency band is large we would required 
the spread between the pass bands to be more. This will 
mean that the unit length, JL will have to be large as it is 
clear from the equation (5.1) which gives the reference 
frequency (refer Figure 5.3). 

(5.1) 

Thus if we want to increase f^ in relation to cut off 
frequency f^, we wUl be required to have a large value of 



105 


This will have certain implications on the realizability of 
filter which has been discussed later in detail, 

li) Obtain suitable ladder nctvi/ork from the table of 
electrical filters. 

Depending upon the specifications like steepness, 
ripole, delay, a suitable filter approximation can be consi~ 
dered from the variety of filter configurations available. 

Then an appropriate design is selected from the table depending 
upon the ratio of source to load impedance and the order of 
filter required. All filter specifications like steepness, 
cut off frequency etc, will -be taken in transformed frequency 
domain. The design will be normalised to the required cut off 
frequency and thfe load impedance. The normalised element 
values will be 

LI a- hi C' = 

where is the load impedance and is the transformed 
cut off frequency. 

iii) Insert appropriate number of UEs at source and 
loaci terminals. 

This is an hypothetical situation since UEs have got no 
significance in terms of lumped electrical elements. VJe use 
this concept to modify the ladder nepA/ork so as to make it 
realisable through fluidic line elements. Since the UE is 
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basically a section of fluidic line, it can be thought of as 
a Symmetrical T netvi/ork in terras of lumped representation. The 
overall loading conditions of the network, therefore, will not 
change if the inpedaricc in which they are terminated is same. 

The number of UEs at each end will depend upon the 
order of filter, Itw will be selected such that the final 
design {after applying Kuroda's identity) will have shunt 
elements separated by UEs, This can, often, be achieved in 
number of ways v/e will select a con±)ination which will require 
least number of Kuroda's identities to be applied to get the 
desired filter configuration. This is important from reali- 
sation point of view. However if circuit is singly terminated 
ihen all the UEs will have to be inserted on one side, 

iv) Apply Kuroda’s identity repeatedly to obtain a design 
with shunt elements separated by uEs, 

AS we have seen earlier such an arrangement is desirable 
from realisation point of view. For low pass filter, the two 
types of identities mostly used are given in Figure 5,4. 


(a) 


t 



, z; 

M ..Q 

U6 : 


i-C 

O'**"* j 


J 





c = 


Zo+ L 

L 

0 0 
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(b) 




— _ 1 

c 

L 


z., 


z' 



I. 






^0 = 1+Z^C 

L = Z C Z* 
o o 

Figure 5«4; Two most useful forms of Kuroda’s identity 

* area 

v) Calculate the cross sectional £ of all the sections 

from theix characteristic irnpedancc using relation Z^ * * 

The characteristic impedance of stub lines will be given 
by Zq « L or Zq a ^ depending upon whether it is inductive 
or capacitivo. An inductance will be realised through open 
ended stub line of unit length whereas a capacitance will be 
realised through closed ended stub line of unit length. 

Following the above synthesis procedure, we will 
invariably get a configuration in which the cross sectional 
area of stub lines is more than the cross sectional area of 
the UE connecting them. It is physically impossible to 
realise such an arrangement through circular tubes. Therefore, 
we will use rectangular tubes for realisation of fluidic 
filters. All the filter elements will have a uniform depth 
and their width will be decided by the cross secctional area 
required. 
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will, now, consider some practical examples to 
illustrate the procedure mentioned above* 

Example 5*1 ; 

Let us design a fluidic filter with a cut off frequency 
f, = 1000 Hz. 

A unit length 5 = 4 cm gives w' as 
' c 

‘"c = 1*^ 

= ta 4xl0’‘^ ^ 180 ^ 

* 0.9116 

Let us assume that the filter is terminated in infinite 
exponential horms at both the ends. With a cross sectional area 
of 5x5 mm at the throat* it is reasonable to assume a cross 
section of 5x5 mm for a fluidic line with unit length of 4 cm* 
Such an arrangement is convenient for testing the filter with 
the acoustic signal. The practical situation may differ but 
the magnitude of impedance will be of the same order as 
encountered in the present case. 

The impedance of exponential horn is given by the 
expression [ 18] 



where A-^ is "ttie cross sectional area at the throat 

R a* SB 1.6456x10 

^ 5x5x10"® 
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Let us consider a third order of Butterworth filter 
fox the Sake of simplicity* The ladder network obtained from 
the table of Butterworth filters is given in Figure 5.5. 

The normalised values of filter element will be 

L» = ^ a 1.805 X lo”^ 
c 

C « = 1.333x10"**^ 

c 

Now we will introduce one UE each at source and load 
terminals. The characteristic impedance of these UEs will 
be Zq =a 1. 6456xlo'^-Ti- , The resultant circuit is given in 
Figure 5.6, 


After applying Kuroda’s identity, the final arrangement 
v/ill appear as given in Figure 5,7 with the following values 
of the parameters. 


-oT 


* Z_ + L and C s 


ZZr- 

0 oT 


This gives 

^ol “ ^02 “ 3.45x10’^ 
a C3 a 0.318x10“'^ 

Cg » 1.333x10*^ 

Let us assume a uniform depth of 5 imi throughout. 
Then, 

^ a 

“ 'i. X cT 

V 

a 2.3844 run 


width of UEs 
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Figure 5*5; A third order low pass filter of Example 1 
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Figure 5*6: Inserting UEs near source and load 
terminals 
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Figure 5*7: Filter configuration after applying Kuroda»s 
identity 
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(b) System graph 

Flgur. 5.8. FXuidic 

unit length is 40 mm)* 
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Simila rly, 

width of stub lines = 

Z^xd 

where ^ 

width of side stub lines = 2.615 mm and 
width of centre stub line = 10.97 ram 

The ultimate filter design will appear as given in Figure 5,8* 

This arrangement is of practical significance since it 
can be easily fabricated in workshop and very conven3.ently 
tested with acoustic signals in the laboratory. 

gxam^lje 5,,.^: 

Lat us consider the acoustic filter discussed in 
example 4,4 as another example, in section 4,1 we designed 
this filter using lumped parameter technique, VJe will now 
design the same filter using distributed parameter theory. 

The cut off frequency is 3.4 KHz, 

We have already seen that such a filter is of irmiense 
use in digital communication circuits for band limiting the 
speech signals. 

For this purpose, normally, a Third Order Butteiworth 
'ilter will meet the requirement more than adequately. Me 
can go for even higher order filters but that vi/ili increase 
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the overall size since the number of elements win increase. 
Therefore v^e v/ill consider a 3rd order filter for realisation* 

Let us take a unit length = 1.5 cm 

then Cl)’ = tan ^ 1^.’^ 

c 340 ^ % 

=* 0.9424 


A small exponential horn can be put at the input so 
that the source impedance can be approximated to be 



* 1?212«340 ^ m03xl0^ 

2x2x10" 

v/here A » 2x2 mm is the cross section of input horn at its 
throat. This is taken keeping in mind the uniform depth of 
2 mm for the filter elements. 

For sake of convenience in design let us take the 
load impedance to be equal to source impedance i.e, 

1.10 3x10® jv. , 

The normalised element values will be 

LI H 2 - 1^17x10^ 

c 

Qt 55 Qym X ^ = !• 924x10 
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Figure 5,9i Applying Kuroda’s identity to a third 
order filter. 



(a) Fluidic filter 



( b) System graph 


Figure 5,10s Fluidic filter of exanple 5,2. ( The width 
of each section is indicated in rams. The 
unit lengtii is i,5 cm). 
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Inserting UEs and applying Kuroda’s identity as 
illustrated in Figure 5 . 9 , vq get 

Zq = 2.273x10^ 

^1 = 03=8 0,466x10“^ 

Cjj = 1.924x10“'^ 

Considering a uniform width of 2 nin we can calculate 
the width of various sections as 

=» 0,905 m 

ca_ ^ s= 0.958 rnm 

w- ss 3,95 rnm 
2 

The design will appear as given in Figure 5,10. 

The overall size of the filter is such that it can 
not be installed in a headset. It can^however, be used if the 
receiver is of bigger dimension like microphone. 

5.3 PRACTICAL ASPECTS OF FILTER DESIGN: 

In this section we will discuss the problems encountered 
in the implementation of given procedure and the ways and 
means of dealing them under different conditions. Some of 
these problems have already been encountered in the above 
sited examples; we will discuss their implications in detail, 

A number of filter designs with different specifications 
have been studied for this purpose^ using computer program 
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(pascal) given in Appendix • D' , ooine of the comments given 
below are based on the interpretation of these results. 

5.3.1 Order of Filter: 

We have considered a simple 3rd order filter in the 
examples of proceeding section. Higher order filters can be 
obtained similarily wherever required. But as we go for 
higher order filters more number of stub lines are required 
for realisation. This means more number of UEs needed and 
accordingly Kuroda^s identity to be applied more number 
of times. 

In lov/ pass filter design, the cross sectional area of 
elements keep decreasing with the application of Kuroda»s 
identity. Thus for the higher order filter the spread of 
values of elements will be very large, A seventh order 
Butterworth filter with a cut off frequency of 1 KHz is given 
in Figure 5.11, to give an idea of this fact. 
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Figure 5.11: Seventh order Butteiworth filter with f^- 1 KHz. 

(The figure indicate the width of line section 
in mm . The unit length is 4 cms). 
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.Ve have taken a unit length of 4 cm ancl the a unifoini 
depth as 5 mm same as that of example 5.1, just to be able 
to compare the results. Here we see that the width of stub 
lines at the extreme ends is 1.0 mm as compared to 2*61 mm 
for a third order filter with same cut off frequency. A width 
of 1.0 mm is not only critical from fabrication point of view 
but also gives an aspect ratio of about 5. A high aspect 
ratio will give high attenuation of the signal. This is clear 
from the ejq^ression for the resistence per unit length of a 
rectangular tube i.e. R = ^ ) where o is the aspect 

ratio. It is therefore, preferable to meet the requirement 
of the filter specification with the lower order filter design 
as far as possible. 

5.3.2 Unit Length; 

Selection of unit length is another critical point in 
fluidic filter design. If we take a very small value, the 
width of central stub win be very large, sometimes unrealisable. 
On the other hand if the unit length is taken very large, the 
width of extreme end stub lines may bo extremely small. 

Appendix • E' gives the dimensions of a seventh order 
filter with a cut off frequency of 1 KHz, by taking various 
values of unit length. We see that the most reasonable 
design results by taking unit length of 4 cm which corresponds 
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to transformed cut off frequency co’ = 0.9116. As a guide line 

c 

it may be stated that unit length should be chosen so as to 
give wj. in the vicinity of 1, 

5.3.3 Number of Unit Elements: 

The number of UEs to be inserted at the source and 
load terminals should be chosen carefully, so as to result 
into a design with stub lines separated by UEs, This can 
be illustrated by taking example of 5th order filter given 
in Figure 5,12. 

We first introduce one UE- each at both the terminal ^nd 
apply Kuroda* s identity to get the filter design of Figure 
5,13. To further simplify it we insert one UE each at 
both ends again and get a design given in Figure 5,14, This 
configuration has got series inductance and hence cannot be 
practically realised. We can further modify the circuit 

by inserting one UE each at both the ends again. For this 
we will have to break the middle inductor into two halves in 
a bid to transfer it to either side. By doing so we will 
ultimately get middle section with 2 UEs in series as given 
in Figure 5.15. This section will break the uniformity as it 
will introduce double the delay introduced by other sections. 

A satisfactory design results by inserting 3 UEs at the 
load terminal and one UE at the source. This arrangement is 

shown in Figure 5.16. 




118 


Figure 5,12; A fifth order filter network 




Figure 5,13: Fifth order filter after inserting 1 UE 
each at source and load terminals. 



Figure 5,14; Fifth order filter after inserting 2 UEs 
each at source and load terminals. 
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Figure 5.15: Sinplifying the 5th order filter by inserting 
3 UEs each from both the terminals. 



Figure 5.16: Design of 5th order filter by insertine one 
UE at source and 3 UEs at load terminal* 
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It may be pointed out that we could realise a desired 
conf igu^ra tion by inserting all the UEs on any one side of the 
circuit. But the arrangement of Figure 5,16 is more satis- 
factory since it involves 4 UEs in all as against 5 UEs other— 
vJise required. More number of uEs win mean Kuroda's 
identity to be applied more number of times and more possibility 
of getting small cross sectional area increasing attenuation and 
posing problems in fabrication. 


Table 5,1 

Number of UEs to be used in fluidic filter design 
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Table 5,1 lists down the value of number of UEs that 
should be inserted on either side fox the optimum results. 

The values have been listed for different order of filter. 

Based on the above results we have found out an empirical 
formula given below. 

No, of UEs at the source, is equal to the integer 

part of expression [2x(n-l)/4]-i 

No. of UEs at the load = (n-l)- No, of uEs at 

the source. 

It is this empirical formula which has been used in 
the program of Appendix ' D' . 

5,3,4 Elliptic Filter Design: 

All types of low pass filters, except elliptic filters, 
use series inductances and shunt capacitances. This is very 
convenient scheme for applying Kuroda's identity to get a 
stub line filter. The situation is not same with elliptic 
filters which use resonant circuits in shunt arm. This type 
of arrangement gives a complicated structure through use of 
Kuroda’s identity as seen from the Table 3.1. 

In general, elliptic filters cannot be straightaway 
converted to fluidic design easily. However simple confi- 
gurations like a third order filter can be realised without 
much difficulty as shown in Figure 5,17, The resonance circuit 



122 


f - - 



& 



T 



I 


(a) 3rd order elliptic filter 
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(b) Third order elliptic filter after 
applying Kuroda*s identity 
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(c) Realisation of a parallel resonance 
circuit. 



(d) Third order elliptic fluidic filter 
Figure 5.17J Design of a 3rd order elliptic filter. 
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is realised by putting 2 UEs in cascade as discussed in 
Section 3*3« The physical configuration of the resonance 
circuit comes out to be similar to a Helmholtz resonator [IS], 

5, 3,5 Consideration of Losses: 

There are mainly two types of losses associated with 

a fluidic system i) loss due to wall shear which can be 

expressed as resistence given by R = (o + i. ) u) loss 

Pr a ^ 

due to stepped cross section and branchings which are given 

Q 2 

by drop in pressure expressed as = -—i- where 

u is the average velocity. In a practical system the losses 
associated with the branchings and sudden changes in cross 
sections axe much smaller then the losses introduced by 
wall shear. 

Let us consider the losses due to wall shear first 
which is given by resistence R, 

R a (a + ~ ) X 

V/e will consider the dimensions of filter of example 
5,1 to give an idea of the order of resistence normally 
encountered. 

In example 5,1 the maximum loss will occur in UEs 
which has got least cross-sectional area of 5x2.38 ram. 


7 

* 0.0158 X 10 




(5x2,38x10“^) 


X (2.576) X 0.04 
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This is rauch smaller then either reactance or load 
impedance as clear from the values of and Rj^ given below, 

= 0.318xl0~'^ 
and » 1, 6456x10*^ 

Thus we see that the resistance can be neglected without 
causing any significant error. 


Coming back to the losses of second kind which are 
introduced by branching and stepped cross-sections we know 
that these losses are given by expression 



These losses are not serious in nature since their effect is 
equivalent to a constant pressure drop. Also the magnitude 
of these losses are much smaller than the losses due to wall 
shear as calculated above. To give a comparative idea of the 
magnitude we manipulate the above expression to get a rough 
idea of resistance values associated. 


but 
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be replaced by R in terms 

o is 

It « ' vx 


of electrical analog 
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From this expression it is clear that even under worst 
possible conditions i»e, when velocity of propagation is very 
high, the loss associated in terms of resistence in this case 
is much less than that due to wall shear. 

Hence v/e see in general that the losses associated 
with the fluidic filter are very small compared to load 
impedance or , reactances and can be neglected for all practical 
purposes. 

5,4 TABLE OF ELEMENT VALUES FOR FLUIDIC FILTERS: 

A useful feature, of the synthesis procedure, discussed 
above is the fact that we can easily contruct tables of 
element values for normalized design and obtain element values 
for general specification from these through simple formulae. 

The readynade tables prove very handy in the fluidic filter 
design since they require fewer calculations [20]» 

For the purpose of constructing these tables we will 
consider the transformed cut off frequency wj, to be equal to 
unity. <*)' will remain equal to 1 for all the filter designs; 
it is the unit length which will change as per the actual 
cut off frequency. The has been done because of two reasons. 
Firstly, it will simplify the design procedure which could 
have been very complex otherwise since every value of u>* will 

lead to unique values of filter elements. Second reason is that 
the spread of element values will be much less. 
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The element values given in the table are meant for 
load impedance of unity. The actual values can be calculated 
by normalising them to the required load impedance by relation 

c 

^0 ™ ^^0 ~ RT * dimensions of the filter can be 

1* Q _ 

found using relation 2^^ * . 

Based on the principles discussed above a pascal 
program has been developed which converts a table of electrical 
filter to a table of fluidic filters. The program is given 
in Appendix * F* • 

Appendix • G’ gives a table of element values for fluidic 

Vife 

filter of Bu t ter v/orthj kind, /have chosen Butterworth filter 
since it is most simple and has been used in the examples 
throughout this text. Similar tables can be worked out for 
other kinds of filters like Ghebychev, Bessel etc. There is 
no difference in either tlie method to work out these table or 
to use them in design. 

will consider an example to demonstrate the use 
of the tables. 

Let us design a 5th order Butterworth filter with 

6 

f^ *s 500 Hz for a load of =* = 4,114 x 10 , Such 

filters are useful in pressure smoothing in wind tuhnel 
measur^ents as we have seen in example 4,1, 
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The unit length II , is given by 

wjj = tan |Ji 
or, 1 =a tan 

or I p 

^ t Sl50b = 8.5 cm 

The element values obtained from the table of 
Appendix ‘G’ are given below, 

*« 0.301 
ZCg *» 1*618 

C 3 B 1.617 

2 C 4 « 2.447 
Cg « 1.827 
s 1.894 
Cy B 0.854 
ZCq « 1.276 

Cg m 0.216 

The normalised values are obtained from Z'^ = Rj^Z 
and C* m 

m 0.0926 
ZCg » 6.65x10^ 

Cg « 0.393x10*’^ 
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ZC^ « 10.066x10^ 

« 0.444xl0~^ 

ZC^ a 7*792x10^ 

Oj « 0.207x10''^ 

ZCg a 5,249x10^ 

Og m 0*0525x10”^ 

A load of 4, 114x10 can be obtained by rectangular 
tube of cross sectional area ixl cm terminated into its 
Characteristic impedance* 


» « ^ a - 4.114 

^ ^ 1x1x10“*^ 

This gives us an idea of the depth of filter confi- 


guration. 


Thus assuming an uniform depth of 1 cm we can calculate 
the width of various elements by expression 

l^m 01 C “ -J- 



0,381 cms 
UE^.^ 0.618 cms 
Cg-* 1.617 cmS 
UEg— 4- 0.408 cms 
1.827 cms 
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UEg “> 0*528 eras 
— i 0 • 853 ems 
UE4 0*783 eras 
Cg —v 0*216 eras 

The filter will appear as given in Figure 5.18. 



(b) System graph 

Figure 5.18* Flucidic filter design of example 5,3, (The 
width of each section is indicated in cne. 

The unit length is 8,5 eras). 

Thus we see that a 5th order filter, which would have 
required enorraous calculations by direct synthesis, has been 
obtained very easily by use of the rea.dy-raade table. The 
procedure given in example 5,3 look a little curabersorne since 
it is explains t 03 ry. In practice, however, all the calculations 
can be done side by side in a single step. 



130 


5,5 DESIGN OF HIGH PASS, BAInID PASS AND B/UD STOP FILTERS; 

Ont of the most attractive features of the modern 
electrical filter theory is tt^ frequency transformation 
through wfriich low pass filter can be transformed into high 
pass (HP), band pass (BP) or band stop (BS) filter. All the 
arguments developed for low pass filters can be easily 
extended to HP, BP or BS filters through the transformations 
given in Table 5.2 [21], 

Table 5,2 

Frequency transformations of filters 

5.Wo, Type fiiier transf^orma ticm ‘ 

1 LP to HP S-^ 4 

^ 2 

2 LP to BP S S + -|- 

3 LP to BS S 


(w is the resonance frequency) 

o 

These trans forma tiwis allow us to convert an LP 
filter to HP, BP or BS filter through changes in electrical 
configuration as given in Figure 5,19. 


# ■* 
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High pass Band pass Band stqg_ 



Figure 5.19i Frequency transformation of LP filter into 
HP, 0P or BS filter. 


Unfortunately these transformations cannot be applied 
to fluidic filters because the resultant filter configuration 
may not always be realisable. Let us consider iiie example of 
a simple 3rd order Butterworth filter to illustrate the fact 
(Fig, 5,20), The WP filter obtain’ed after transformation 
is given in Fig, 5,2D(a), If we try to apply Kuroda's 
identity to this circuit, we get a transformer which cannot 
bo realised easily in fluidic systems. 



(a) 3rd order HP Butterworth filter 





(b) Required -KMJXjda'G identity 

Figure 5,20: Applying Kuroda»s identity to 3rd order 
high pass filter. 
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An interesting possibility of frequency transformation 
exists in microwave filters which can be subjected toX-> ^ 
transformation through use of ideal gyrators [12]. 

The transfer netrix of Uc us 


( 1 - ^ 


After applying transformation X-> ^ wo get 


(1 


^ ^*-1/2 


1 X 


■0 3z: 

^/Zo 1 _ 


0 

0 


This is equivalent to a UE with characteristic impedance 
of cascaded with an ideal imaginary gyrator. In electrical 
systems a gyrator signified an element which interchanges the 
through and across variable through transformation, Imaginary 
gyrator, in addition to the transformation of variables, give 
a constant dolay of (a»| . Such devices although available in 
microwovo, have not yet been developed in fluidics. Hence 
there seems to be no way of extending the concept of frequency 


transformation {LP to HP and so on) to fluidic systems. 
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Apart from the transformation technique, direct 
synthesis procedure is also used for designing of HP, BP and 
BS microwave filters* One such procedure is the Richard's 
procedure discussed in Section 3*3* There is a variety of 
other methods, but they are ail complex. However a number of 
such designs do exist which have been worked out through 
experience. We present here few of these designs which can 
be conveniently adopted for fluidic systems, , These filters 
are designed based on image parameter theory. 

i) HP Filters 

Design 1 , i 


1 . 1 

X UE 

1 ^ _ i 1 z . 


i 


* " - 


(a) HP Filter (b) Fluidic equivalent 

Figure 5.21; HP fluidic filter design 1 

and Zq 2 image impedance from left and right 
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(a) HP Filter (b) Fluidic equivalent 

Figure 5,22s HP fluidic filter design 2 
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ii) BP Filters 
Design 3 
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(a) BP Filter (b) Fluidic equivalent 

Figure 5.23: BP fluidic filter design 3 



135 


m = [ 

L 
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Design 4 
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(a) BP Filter ' (b) Fluidic equivalent 

Figure 5.24: BP fluidic filter design 4 
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m ^ as defined in earlier example 
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C = 

7 - ^ ^ 


iii) BS Fiitei'S 
Design 5 
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(a) BS filter (b) Fluidic equivalent 

Figure 5,25;3S fluidic filter design 5 
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(a) BS filter 


(b) Fluidic equivalent 


Figure 5.26: BS fluidic filter design 6 
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m =s 


« 1 


1 + 1 ^ 

T”’"’ “7y'"~-YTo 

[( 1 + A ^ 2)(1 +>2 


L 


= -iL. 
l-m 



Thus we see that Richard’s transformation provides a 
very useful tool for synthesis of distributed parameter 
fluidic filters. Wo have made an attempt to attract the 
attention of people working in the field of fluidic 
acoustic and pneumatic systems to the usefulness of this 
concept. A vast literature exists on design of microwave 
filters using these techniques and it is expected that the 
difficulties encountered here can be overcome through further 
in ves ti ga ti on • 



SECTION 6 


RESULTS OF PRACTICAL STUDY iWD COMMENTS 

In the preceeding section we discussed the procedure 
for design of fluidic filters using Richard’s transformation. 
The work done in this regard is quite useful since this kind 
of approach, to the best of author’s knowledge, is new to 
the field of fluidic filters. To make this proposition more 
attractive, a thorough study of practical behaviour of this 
type of fluidic filters is required. 

We made an attempt to fabricate a prototype filter 
which could be tested for its performance with acoustic 
signals. But the work on the prototype filter could not 
take a satisfactory shape within the available time, A brief 
report on the efforts made in this direction is given below. 

A filter with following specifications was selected 
for fabrication in the workshop. 

A third order Butterworth filter with a cut off 
frequency of 1000 Hz; to be terminated in the source and load 

7 

impedance of 1.6456x10 . 

For satisfactory results during testing, the filter 
should be terminated in a constant impedance which does not 
change with frequency. An infinite exponential horn is one 
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such arrangement which gives a fairly constant impedance. 
This impedance is given by the relation 



where is the area at the throat. 

For the purpose of termination of the above filter, we 
will use an exponential horn at both source and load terminals. 

Let the horns have a cross sectional area at the 
throat, Aj « 5x5 mm. The horns with this cross sectional area 
will give a constant input inpedance of 1 . 6456x10”^ -fU as 
specified above. In relation to exponential horn, infinite 
length is an ideal situation which is not really possible in 
practice, A practical horn will have a length which gives 
a sufficiently large ratio of cross sectional areas between 
the mouth and the throat of the horn. With this fact in 
mind, we decided to choose the horns with a length of 50 cms. 

The horns have to be of rectangular shape to match the 
ends of the filter. Each face of the rectangular horn will 
have a tapered shape, the dimensions of which can be found 
from the relation 

K = At 

where is the area of cross section of the horn at a 
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distance x fzora the throat, and m is the coefficient of 
expansion taken equal to unity in this case [l8]. 


The profile of the horn is given in Figure 6*1, 
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Figure 6,1: Profile of the horns, (The dimensions are 
given in cms). 


The filter is synthesised from the table of fluidic 
filters given in Appendix ^G’. 

The unit length which gives a transformed frequency 
of a= 1 is 4,25 cms. 

The element values are given below. 


as 0 • 5 

Zci =2 

Cj =2 

ZC2 =2 

Cg '= 0.5 

Considering a uniform depth of 5 ran, the width of 


various elements will be 
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=5 2.5 mn 
2 »q 2.5 l u 

C 2 = 10.0 mn 
Zq 2 = 2.5 mm 
= 2.5 m 

The resulting filter configuration is given in 
Figure 6.2. The dimensions are given in iran. 



Figure 6,2: Proposed filter configuration 

It was felt that the filter could not be fabricated 
by bending the metal shoot into a tubelar shape since the 
dimensions were very small for this purpose. Hence it was 
fabricated by hatching a solid brass plato on vertical 
milling machine, A plate of ^ thickness was used for this 
purpose. Another plate of ’ thickness was used to cover 
this piece. The plates were cut to shape to eliminate extra 
metal and give external appearance. The sketches of the 
plates are shown in Figure 6.3, The final shape of the filter 
block was quite satisfactory. 
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(b) Cover plate 
Figure 6,3; Fabrication of filter block 

It was the fabrication of the horn that proved to be 
quite cumbersome. Brass sheet of 24 SWG was used for this 
purpose. The sheet was cut into 4 pieces of the profile 
given in Figure 6.1. The job of joining the plates to form 
a horn was quite tricky specially since the dimensions at 
the throat were very small. With great difficulty the tvw 
pieces could be joined together to give an angular shape but 
furiiier brazing was not possible since the angular pieces 
could not be clanped properly. 

An effort was made to make the inner core on which 
the plates could be tied and then brazed. But some provisionin 
problems caused an excessive delay thereafter, leaving no 
time for testing* 

It can be still maintained that the proposed filter 
configuration is not very difficult to fabricate. It is the 
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(a) Hatched plate 
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fabrication of horn which proved to be rather difficult. 

The difficulties were encountered since it was the first 30b 
of its kind to be taken up in the workshop. Once the first 
piece or prototype is made, the other jobs can be made in 
quick succession. 

Although practical studies could not take a constru- 
ctive shape, the irrportance of the proposed filter design 
cannot be denied. There is evidence through experiments done 
by other scientists that the kind of elements we have used 
give a filtering effect. Therefore, wo have a ground to 
believe that the filter schemes proposed by us will give 
satisfactory results in practice. 



SECTION 7 


CONaUSION 

Applications of fluidic filters axe manifold in the 
field of pneumatic and acoustic systems in addition to those 
in fluidics itself. However, the developments in these 
areas have not reached a stage where their use would be very 
convenient and popular, have made an atten^t to improve 
the situation fay exploiting some useful results of electrical 
filter theory in the design of fluidic filters. Our 
contribution in this regard can be specifically put in 
two categories, 

i) For lumped parameter fluidic filters, we have applied 
modem filter design techniques. Modern filter theory allows 
us to design a filter to meet the given specifications 
exactly, 

ii) For distributed parameter fluidic filters, we have 
used .certain basic results of microwave filter theory to 
devise a new systematic Synthesis procedure. The basis of 
this procedure is also the modern filter theory. 

The synthesis procedure evolved here is fairly sinple 
and straightforward, but certain points need to be examined 
through further investigation to make it more attractive for 



usage in fluidic systems. Some inportant points relating 
to this suggestion are given below. 

The first point is that we have used a sinplified 
approach which will give a satisfactory result for acoustic 
type, of signait'Where flow is basically of laminar type. 

This assunption will not always hold good, ( specially in 
systems involving flow of liquids where viscousity is 
considerably high. A suitably modified approach would have 
to be used for fluidic systems working under conditions of 
turbulance. 

The second point emerges from the fact that the fluidic 
line model we have adopted is basically of lossless type. This 
is an ideal situation and in practice some losses will always 
be associated with the fluidic systems. The losses will be 
significant when the flow is turbulant or the cross sectional 
area of the tubes is very small. The conventional approach, of 
electrical transmission line theory leads to a cumbersome 
treatment. An alternative model is required to be evolved to 
give a satisfactory result under these conditions. 

The third problem associated with fluidic filters is 
that of frequency transformation. In case of electrical 
filters a low pass design can be conveniently converted to 
a high pass or a band pass filter through frequency transfor- 
mation, This is not possible with fluidic filters as 
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discussed in Section 5.5, It is important to find a suitable 
remendy to make the design of HP, BP and BS filter also as 
simple and direct as it is in case of low pass filters. 

It is expected that a suitable answer to the above 
questions can be found through further investigation in 
future. Further^ it is hoped that the methods outlined here, 
vAien appropriatiy moderated by practical experience would 
help in making the use of fluidic filters a popular and 
attractive proposition. 



APPENDIX A 
IMPORTANT FORMULAS 


Given below is a list of iirportant formulas used in this 
text. 


1, Characteristic inmedance, Z ? a 


2* Phase constant, p *= 


CD 


3, Lunped fluidic inductance = 

4, Lunped fluidic capacitance = 


A 


\ a 


5. Fluidic resistance of a circular tube R =s X 

A^ 

6. Fluidic resistance of a rectangular tube 

R = £ o (l + ) 

iC a 

7. Input inpedance of a fluidic line terminated in an 
impedance of 21^ 

Zj^ cosh + Z^ sinh 
^in ~ ^c " sinh + Z^cosH” 


8, Input inpedance of a closed ended fluidic line 

1 


= Z 


op 


c tan f"jL 


9, Input inpedance of an open ended fluidic line 
Zsh = tonhrl 
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Figure C.l: The network congiruation for nth 

Butterworth filter with voltage so\j3Ce 
at the inputi 
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